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1. 0  PURPOSE 

The  purpose  of  this  program  was  to  develop  desigp  procedures  for  quartz 
crystal  oscillator  circuits  that  are  readily  usable  by  die  average  electronic  design 
engineer,  in  addition,  the  program  included  the  development  of  performance  data 
sheets  for  both  vacuum  tube  and  transistor  oscillators  covering  the  frequency  rmige 
from  1  KC  to  200  MC^  The  program  was  not  concerned  with  extremely  stable  oscil¬ 
lators  requiring  oven  control^  but  with  non- temperature  controlled  medium  stability 
circuits. 


2. 0  ABSTRACT 

This  Final  Engineering  Report  presents  extensive  data  supporting  the  design 
and  operation  of  quartz  crystal  oscillators.  Design  procedures  are  developed  for  both 
high  and  low  frequency  oscillator  circuits  in  the  i-KC  to  200-MC  range.  Vacuum  tubes 
and  transistors  were  studied  in  both  the  low  and  the  hi^  frequent  ranges  (1  KC  to 
800  KC  and  30  MC  to  200  MC). 

The  report  begins  with  a  general  discussion  of  the  properties  of  quartz 
crystals,  the  characteristics  of  tubes  and  transistors,  and  impedance  transforming 
networks.  The  general  analysis  of  an  oscillator  is  presented^  a  general  design 
specification  is  developedj  and  a  basic  design  procedure  is  established. 

Separate  sections  are  devoted  to  design  procedures  for  high-frequency  and 
low-frequency  crystal  oscillators.  The  report  concludes  with  a  design  data  section 
containing  the  results  of  oscillator  evaluations  during  the  program  period. 
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3.  0  PUBLICATIONS,  LECTURES,  REPORTS,  AND  CONFERENCES 

3.  i  PuMicatioiiai 

None 

3. 2  Lectures 
None 

3. 3  ReporM 

The  first  Quarterly  Report,  Ma^iavox  Serial  No.  TP62-^41i,  on  the  subjeet 
contract  was  distributed  in  accordance  with  USAELRDL  instructions  on  19  January 
1962. 

The  second  Quarterly  Report  Magnavox  Serial  No.  TP62~472,  on  the  subject 
contract  was  distributed  in  accordance  with  USAELRDL  instructions  on  23  March 
1962. 

The  third  Quarterly  Report,  Magnavox  Serial  No.  62^554,  on  the  subject 
contract  was  distributed  in  accordance  with  USAELRDL  instructions  on  20  July  1962. 

3.4  Conferences 

3. 4. 1  The  first  project  conference  on  the  subject  contract  was  held  at  the  USAELRDL 
Hexagon  Building,  Fort  Monmouth,  New  Jersey,  on  19  July  1961.  In  attendance  were 
Messrs.  O.  P.  layden  and  S.  Schodowski  for  USAEIRDL  and  Messrs,  H.  G.  Stewart, 

H.  R  Meadows,  and  A.  O,  Plait  for  The  Magnavox  Company.  Minutes  of  the  meeting 
were  prepared,,  submitted  to  USAELRDL,  and  are  on  file  for  reference. 

3. 4. 2  The  second  project  conference  was  held  at  The  Magnavox  Company, '  Fort 

Wayne,  Indiana, on  6  October  196i.  bn  attendance  were  Mr,  S.  Schodowski  for  USAELRDL 
and  Messrs.  A,  O.  Plait,  D.  Firth,  and  H,  R,  Meadows  for  The  Magnavox  Company, 
Minutes  of  the  meeting  were  prepared,  submitted  to  USAEIRDL,  and  are  on  file  for 
reference, 

3. 4. 3  The  third  project  conference  was  held  at  Uie  USAELRDL  Hexagon  Building, 

Fort  Momnoudi,  New  Jersey,  on  12  December  1961.  In  attendance  were  Messrs,  6,  P, 
Layden  uid  S,  Schodowski  for  USAELRDL  and  Messrs.  Q.  F.  Reynolds,  E,  D,  Aldred, 
and  H.  R  Meadows  for  The  Magnavox  Company,  Minutes  of  the  meeti^  were  pre„ 
pared,  submitted  to  USAELRDl.,  and  are  on  file  for  reference, 


3i  4. 4  The  fourth  project  Gonfereiftce  was  held  at  The  Mapiavox  CotUpany,  Fort  Wayhe^ 
Indiana^  on  23  January  1962.  in  attendance  wert'  Mr.  o.  P.  Layden  for  usAEIiRPL 
and  Messrs.  M.  R.  Meadows^  p.  Firth,  and  A.  O.  Plait  for  The  Magnavox  Company. 
Minutes  of  the  meeting  were  prepared,  submitted  to  UiSAFLRPL,  and  are  on  file  for 
referenGe. 

8. 4. 5  The  fifth  project  conference  was  held  at  The  Magnavox  Company,  Fort  Wayne, 
Indiana,  on  27  March  1962.  In  attendance  were  Mr.  s,  schodowskl  for  USAEliRPL 
and  Messrs.  H.  R.  Meadows  and  P.  Firth  for  The  Magnavox  Company.  Minutes  of 
the  meeting  were  prepared,  submitted  to  USAELRPL,  and  are  on  file  for  reference. 

3. 4. 6  The  sixth  project  conference  was  held  at  the  USAELRPL  Hexagon  Building, 
Fort  Monmouth,  New  Jersey,  on  11  June  1962.  In  attendance  were  Messrs.  S. 
Schodowski  and  O.  P.  Layden  for  USAELRPL  and  Messrs.  H.  R.  Meadows,  D.  Fir^, 
and  J.  R.  Yope  for  The  Magnavox  Company.  Minutes  of  the  meeting  were  prepared, 
submitted  to  USAELf^L,  and  are  on  file  for  reference. 
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4,0  FACTUAL  DATA 

4. 1  IntrQdiiGtlQn 

This  is  the  flMl  report  on  a  one^^year  study  program  under  the  sponsorship 
of  USAELRDL^  charged  with  the  development  of  design  procedures  for  crystal  oscil^ 
lators  employing  either  tubes  or  transistors,  in  certain  frequency  bands  where  design 
procedures  had  not  previously  been  established.  The  specUic  frequency  bands  of 
investigation  werei 

(a)  Crystal^controlled  vacuum  tube  oscillator  design  from  1 KQ  to 
800  KC, 

(b)  Crystal^^controiled  transistor  oscillator  desip  from  1 KC  to 
16  KG. 

(c)  Grystal-^controlled  vacuum  tube  oscillator  desip  from  150  MC 
to  200  MC. 

(d)  Crystal^controlled  transistor  oscillator  desip  from  30  MC  to 
200  MC. 

Oscillator  desip  at  frequencies  intermediate  to  those  of  (a),  (b)^  (c)^  and 
(d)  above  is  covered  in  the  final  r^orts  of  two  other  study  progprams  sponsored  by 
the  USAELIU)L  (Reference  1  and  2, Paragraph  7.0  ). 

The  contract  period  was  from  1  Jtdy  1961  to  30  Jpe  1962,  and  approxi^ 
mately  28  man»months  of  effort  were  involved. 

4. 1. 1  Philosophy  of  Approach 

To  some  extent,  the  desip  of  quartz  crystal  oscillators  has  always  been 
surrounded  by  p  aura  of  mystery;  capple  engineers  who  would  not  normally  resort 
to  "cut  and  try"  methods  do  so  ^en  faced  with  crystal  oscillator  desip. 

This  appears  to  be  due  in  part  to  the  historical  literature  which  tends  to 
emphasize  the  more  obscure  details  of  the  subject  at  the  expense  of  the  essentials. 
Technical  articles  of  this  type  tend  to  overawe  the  deSiper  faced  wiUi  the  mundpe 
task  of  desiping  p  oscillator  of  more  moderate  performance.  Not  that  such  dis«’ 
cussions  are  witoout  value,  but  reports  of  this  type  often  wrongly  psume  that  toe 
reader  is  fully  converspt  with  the  details  of  the  desip  of  less  sophisticated 
osciUntors. 


The  objective  of  this  report  is  to  present  to  the  user  the  essential  knowledge 
that  is  required  to  appreciate  the  desipi  problern,  to  supplement  this  with  inforination 
concerning  the  components  of  the  osciltator  circuit,  and  to  associate  these  hito  a  de^ 
Sign  procedure  that  leads  to  satisfactory  designs. 

Because  of  the  normally  non-linear  operation  of  an  osGillator,  a  true  mathe¬ 
matical  model  would  consist  of  a  series  of  non-  linear  equations  describing  ttie  action 
of  the  circuit.  These  equations  would  define  the  circuit  action  completely,  and  from 
them  it  would  be  possible  to  predict  all  the  operating  characteristics  of  an  oscillator. 
However,  the  difficulties  of  this  approach  are  formidable.  Even  simple  non-linear 
equations  are  difficult  to  manipulate,  and  when  it  is  considered  that  the  non-linear 
characteristics  of  a  transistor,  tube,  or  quartz  crystal  vary  with  power  levels  fre¬ 
quency  and  temperature,  the  difBculties  of  this  approach  are  apparent. 

As  is  usual  under  these  circumstances,  the  design  approach  falls  back  on 
the  use  of  linear  describing  equations,  which  are  at  least  valid  for  establishing  the 
necessary  conditions  for  oscillation  to  commence,  and  supplements  this  ^proach 
with  experimentally  gathered  information  to  allow  a  reasonable  degree  of  circuit 
performance  prediction.  This  simplifies  the  oscillator  equations  considerably  while 
increasing  the  importance  of  the  e^erimental  data.  Because  of  this,  the  major  part 
of  this  program  was  devoted  to  the  study  of  the  practical  aspects  of  osciilator  design, 
with  detailed  evaluations  of  various  oscillators  covering  the  frequency  bands  under 
discussion. 

4. 1. 2  Report  Layout 

This  report  consists  of  the  following  four  sections: 

(a)  An  introductory  section  containing  general  information  concerning 

the  properties  of: 

(1)  Quartz  crystals 

(2)  Tube  and  transistor  characteristics 

(3)  Impedance  transforming  networks 
Other  topics  covered  in  this  section  are: 

(4)  A  general  analysis  of  an  oscillator 

(5)  The  general  design  specification  of  the  performance  of 
an  oscillator 


(<9  A  rudimentary  desl^  procedure  estaMisMng  the  deslp 
decisions  that  are  required  to  produce  a  design  meeting 
the  specification 

(b)  A  Section  devoted  to  hi^^frequency  crystal  oscillator  design^  dis^^ 
cussing  quartz  crystal  and  active  device  characteristics  in  specific 
terms  applicable  to  desi^  at  high  frequencies  ^  This  information  is 
then  regrouped  to  form  a  step-by-step  design  procedurei 

(c)  A  Section  devoted  to  low-frequency  crystal  oscillators  having  a 
similar  form  to  section  (b). 

Appended  to  sections  (b)  and  (c)  is  a  sub-section  containing  analyses  of 
Several  impedance  transforming  networks  together  with  design  information. 

(d)  A  design  data  section  containing  the  results  of  the  evaluations  of  the 
ejqierimental  oscillators  constructed  during  the  contract  period. 

4. 2  (^artzCjrvStaLCharactiBristic 

4. 2. 1  General 

A  quartz  crystal  resonator  is  an  electromechanical  transducer  having 
piezoelectric  properties.  The  application  of  an  electrical  potential  to  the  quartz 
crystal  produces  a  mechanical  stress  within  the  crystal  structure  similar  to  that 
obtained  by  the  application  of  mechanical  force*  Conversely,  the  application  of 
mechanical  force  to  the  crystal  creates  a  potential  difference  across  the  crystal 
structure.  Therefore,  by  suitably  coimecting  two  or  more  electrodes  to  a  quartz 
crystal,  it  can  be  made  to  vibrate  by  applying  an  alternating  voltage  to  these 
electrodes.  If  the  output  of  the  alternating  voltage  source  is  held  constant  and  the 
frequency  continuously  varied,  certain  brequencies  will  be  found  at  which  the  ampli¬ 
tude  of  the  mechanical  vibration  becomes  a  maximum.  These  are  the  frequencies 
at  which  the  quartz  crystal  goes  into  mechanical  resonance. 

Because  of  the  electromechanical  coupling  in  the  crystal,  the  mechanical 
motion  of  the  crystal  appears  at  the  input  terminals  as  an  electrical  tuned  circuit 
at  firequencies  in  the  immediate  viemity  of  the  mechanical  resonant  frequencies. 

The  important  electrical  properties  of  the  quartz  crystal  are; 

(a)  The  high  effective  Q  of  tiie  quartz  crystal:  ttat  is,  die  high 
ratio  of  energy  stored  in  the  crystal  relative  to  the  energy 
dissipated  in  storing  that  energy. 


(b)  The  wide  range  of  frequencies  over  which  quartz  crystals  can 
be  made  to  resonate. 

(c)  The  excellent  stability  of  the  electrical  parameters  of  tbe  quartz 
crystal  when  subjected  to  temperature  changes. 

These  three  properties  account  for  their  wide  use  in  stable  oscillator  designs. 

The  equivalent  electrical  circuit  of  a  quartz  crystal  resonator  is  shown  in 
Figure  1.  L|  and  are  primarily  dependent  on  the  mass  and  compliance  of  the 
quartz,  and  Bi  is  mostly  determined  by  the  means  of  supporting  the  crystal  and 
attaching  the  electrodes. 


'  Figure  1.  Equivalent  Electrical  Qircuits  of  a  Crystal 
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(b) 


These  are  the  motional  impedance  elements  of  the  crystal,  so  called  because  they  are 
the  effective  electrical  equivalents  of  the  vibratory  motion  of  Uie  crystal,  Cg  is  an 
actual  electrical  csmacltance  due  to  the  electrode  attachments  to  the  quartz  and  to 
the  stray  capacitance  in  the  assembly.  Typical  values  of  the  parameters  for  200  KC, 
2  MC,  and  30  MC  crystals  are  shown  in  Table  l. 

This  circtUt  is  not  a  valid  representation  of  the  electrical  characteristics  of 
a  crystal  at  all  frequencies.  Every  mechanical  structure  has  several  modes  of  reso^ 
nance.  A  simple  bar,  for  example,  has  flexural,  torsional,  shear,  and  extensional 
modes  of  oscillation  in  each  of  the  three  axes. 


TABLE  1.  TYPICAL  CRYSTAL  PARAMETER  VALUES 


Parameters 

200  KC 

2  MG 

30  MC 

Rl 

2  K 

100  ohms  1 

20  ohms 

27  H 

520  MH 

11  MH  . 

Cl 

O.024  PF 

0.  012  PF 

O.O026  PF 

Co 

9  PF 

4  PF 

6  PF 

Q 

18  X  10^ 

54  X  10^ 

10® 

Furthermore^  mechanical  resonance  can  be  excited  at  the  overtones  Of  each  of  these 
basic  modes.  The  manufacturer  shapes,  proportions,  and  clamps  the  crystal  so  as 
to  make  one  of  these  mechanical  resonances  predominant  while  simpressing  all 
others  that  could  possibly  occur  at  frequencies  immediately  adjacent  to  this  desired 
one.  If,  as  is  normally  the  case,  sufficient  suppression  of  the  undesired  resonances 
is  achieved,  the  circuits  of  Figure  1  are  valid  electrical  equivalents  of  the  electro* 
mechahical  characteristics  of  the  crystal  in  the  frequency  band  immediately  around 
the  predominant  mechanical  resonance  frequency. 

With  this  restriction,  the  behavior  of  the  quartz  crystal  can  be  uiscuSsed 
in  terms  of  the  electrical  equivalent  circuit  of  Figure  1  (a)  where  Lj  ,  ,  Rj  , 

and  Cp  are  essentially  independent  of  frequency,  hi  ttie  frequency  band  of  interest, 
this  circuit  can  be  considered  as  a  series  combination  of  a  resistance  Rp  and  a 
reactance  Xp  as.  shown  in  Figure  l  (b).  The  values  of  Rp  and  Xp  are  frequency 
dependent  and  vary  in  the  general  mamier  indicated  in  Figure  2  as  functions  of 
frequency.  The  various  symbols  are  defined  in  Table  2,  and  the  impedance 
levels  should  ^  regarded  as  plotted  to  a  logarithmic  scale.  Figure  2  and  Table 
2  are  reproduced  from  the  "L  R.  E.  Standards  On  Piezoelectric  Crystals  ^  The 
Piezoelectric  Vibrator:  Definitions  and  Mettiods  of  Measurement,  1957. "  * 


^Contained  in  the  March  1957  Proceedings  of  ttie  I.  R.  E. 
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FREQUENCY 

Figure.  2.  Impedance  iZl, Resistance  Re,  Reactance  Xg,  and  Series 
Arm  Reactance  of  a  Crystai  as  a  Function  of  Frequency 


TABLE  2.  DEFINITIONS  OF  SYMBOLS  IN  FIGURE  2 


Symbol 

Definition 

C 

r 

Capacitance  ratio  - 

■i 

fm 

Frequency  of  minimum  impedance 

h 

Motional  arm  resonance  frequency  =  ^  ^ 

fr 

Resonance  frequency  (Xg  ^  0) 

Antiresonance  frequency  (Xg  =  0) 

1/2 

fp 

Parallel  resonance  frequency  =  |  - — (1  +  i )  ] 

L  r  J 

fn 

Frequency  of  maximum  impedance 

Rr 

Resonance  resistance  (Xg  =  0) 

Ra 

■  Antiresonance  resistance  (Xg  ^  o ) 

Impedance  at  (minimum  crystal  Impedance) 

Z„ 

Impedance  at  fg  (maximum  crystal  impedance) 

Interpreting  the  points  of  interest  on  the  curves  of  Figure  2  from  left  to  right, 
fg  is  the  frequency  it  which  the  motional  arm  is  series  resonant.  At  this  frequency 
the  crystal  appears  at  its  terminals  as  a  combination  of  in  parallel  with  C^.  At 
high  frequencies,  where  it  is  common  practice  to  tune  Cq  with  an  inductive  shunt,  fg 
is  the  desirable  crystal  operating  point.  At  a  slightly  higher  frequency^  the  motional 
arm  reactance  is  inductive  and  of  such  a  value  that  its  equivalent  inductance  nhen 
transformed  to  a  parallel  element  (see  Table  3  (b))  resonates  with  The  formulae 


illustrating  this  effect  are; 

SL  =  X,  (1  + 

P  i  '  Qj.2  '  Gq 

(1) 

and 

Rp  =  R,  ^  Ri  (i  +  Qr^) 

(2) 

where 

Q  ^  Xi_  ,  at  frequency  f« 

Equation  (l)  shows  that  >>  provided  that  «  1;  that  is,  «  R|.  Equation 
(2)  shows  that  Rj.  diners  from  R^  by  the  factor  (i  4  q|.  ),  and  since  this  is  practically 
equal  to  1  under  the  assumed  conditions,  Rj.  is  almost  equal  to  R]^. 

As  the  frequency  is  further  increased^  (he  value  of  IZ|  also  increases 
rapidly  until  at  frequency  fg,  Xg  again  falls  to  zero  and  Rg  has  the  value  Rg.  At  this 
frequency  the  equivalent  motional  arm  inductance  X^  again  resonates-  udth  Og  and 
Equations  (1)  and  (2)  can  be  restated  as: 


’V 

•  Xi  (1  ♦  )  =  Xc 

Qa 

(3) 

Rp 

X, 

^  Rg  -  Rj  (1  +  Qg  ^  ) 

(4) 

where 

at  frequency  f^ 

Atfg, 

however,  9 

!g  >>  1  (See  behavior  of  Xj^  characteristic )  and,  therefore, 

X 

P 

«  Xj 

(5) 

and 

"  Ra  ^  RiQa' 

10 


TABLE  3*  TABLE  OF  IMPEDANCE  TRANSFORMATIONS 


other  frequencies  of  lesser  interest  are  f^^  and  fj^,  the  frequencies  at  which  the  crystal 
exhibits  its  minimum  and  maximum  impedances,  respectively,  and  fp  ^  the  frequency  at 
which  the  motional  arm  reactance  would  be  in  series  resonance  with  Cg  if  this  were 
possiblei  It  should  be  noted  that  ^  does  not  coincide  with  the  antiresonant  frequency 
in  because  of  the  finite  Q  of  the  motional  arm. 

the  impedance  curves  of  Figure  2  can  also  be  presented  as  an  impedance  plane 
loci  as  shown  in  figure  3.  this  presentation  is  valid,  provided  that 


27r  (f. 


im  )  C. 
m '  o 


>> 


R, 


An  indication  of  the  bandwidth  In  which  these  effects  occur  may  be  obtained  by 
noting  that  for  most  crystals,  the  capacitance  ratio  r  lies  between  200  and  50d.  Sub- 
stituting  a  typical  value  of  r  =  300  into  the  equation  for  fp ,  ihe  ratio  of  to  f^  gives: 


L 

^  =  (1  + 
fs 


i/2 
)  « 


1.  0017 


(7) 


For  example,  if  fg  =  1  MCj  then  the  bandwidth  within  which  the  crystal  resonance 
effects  occur  will  be  typically  less  than  2  KC. 


The  spacing  between  f^  and  f^.  can  be  shown  to  be  very  small  (Reference  3, 
jparagraph  7.0  );  frequency  differences  of  l  or  2  parts  per  million  are  typical.  The 
frequency  difference  between  fg  and  fj^^  is  equal  to  that  between  fg  and  fj.  . 

4. 2. 1. 1  Frequency  Stabilizing  Properties  Of  the  Quartz  Crystal 


The  frequency  stability  of  an  oscillator  is  dependent  on  the  stability  of  the 
phase  shifts  existing  within  the  feedback  loop  and  the  rate  of  change  of  phase  shift 
with  frequency,  4^=,  ^  of  the  frequency  controlling  element.  The  total  loop  phase 

df 

shift  in  the  oscillator  has  to  remain  zero  at  all  times  if  oscillation  is  to  bC  maintained, 
and  any  phase  changes  occurring  external  to  the  frequency  controlling  element  have 
to  be  cancelled  by  an  equal  but  opposite  phase  change  in  this  element,  A  large 
is  therefore  the  important  characteristic  of  the  frequency  controlling  element,  ^  f 
and  the  quartz  crystal  can  exhibit  this  characteristic  for  two  conditions  of  operation; 
that  is,  when  the  crystal  operates  at  resonance  or  at  parallel  resonance. 

(a)  Operation  at  Resonance 


When  the  crystal  is  operated  at  resonance,  the  frequency  stabilizing  effect 
occurs  in  the  vicinity  of  fj.  and  is  dependent  on  the  ability  of  Uie  crystal  to  shift  the 
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of  the  phase  Shift  with  frequency  is  of  the  forrsi  shown  in  Figure  4^  the  phase  angle 
part  of  the  universal  resonance  curve  of  a  tuned  LC  circuit  (Beference  4,  Paragraph 
7.0).  It  can  be  shown  that,  in  the  immediate  vicinity  of  fj. : 

^  2Q 
^f  ^r 

This  indicates  the  importance  of  the  crystal  Q  on  its  frequency  stabilizing  properties. 
However^  in  order  to  make  use  of  this  property,  it  is  necessary  to  sample  the  crystal 
current  and  this  can  be  done  only  by  the  inclusion  of  an  impedance  in  series  with  (he 
crystal,  in  this  process,  power  has  to  be  supplied  to  mis  impedance  (see  Paragraph 
4. 2. 2) ;  that  is,  this  impedance  has  a  resistive  component  effectively  in  series  with 
the  crystal.  This  network  therefore  has  greater  losses  than  the  crystal  alone  and, 
consequently,  has  a  lower  q  than  that  of  the  crystal.  Because  of  the  dependence  of 
oscillator  frequency  stability  on  crystal  Q,  it  is  in  the  interest  of  frequency  stability 
to  make  this  effective  series  resistance  small  relative  to  Rj. .  Similarlyi  the  driving 
source  Mil  also  introduce  a  resistance  in  series  wiih  the  crystal^  resulting  in  a 
further  degradation  of  the  crystal  Q. 

A  Similar  reduction  in  the  frequency  stabilizing  property  of  the  crystal  will 
also  occur  if  the  frequency  of  oscillation  is  not  in  the  immediate  vicinity  of  ^rj  since 
as  Figure  4  shows,  the  slope  of  the  ^ase  curve  j  decreases  at  frequencies 
removed  from  f j.  .  df 

(b)  Operation  at  Parallel  Resonance 


In  parallel  resonance  operation,  the  crystal  in  conjunction  with  an  external 
parallel  capacitor  0]^  forms  a  parallel  resonant  circuit  as  shown  in  Figure  5,  where: 


-  Xc^ 

(9) 

and 

Cf  ^  Co  +  Cj^ 

(10) 

Figwre  5,  Equivalent  Parallel  Crystal  Circuit 


The  aratlfesonant  frequency  f*^  is  intermediate  between  fg  and  and  Gan  be  Fegarded 
as  a  speciai  case  cf  f^.  if  this  circait  is  fed  from  a  constant  current  source^  the  be^^ 
havlor  of  the  phase  angle  of  the  crystal  voltage  relative  to  the  phase  of  the  supply 
Current  is  similar  to  that  shown  in  Figure  4,  if  the  si^  of  the  phase  shift  is  reversed. 
Equation  (§)  is  again  applicable  in  determining  the  rate  of  change  of  phase  angle,  and 
the  reduction  of  this  rate  by  the  external  circuit  can  best  be  illustrated  by  transformihg 
into  its  parallel  equivalent  resistor  R'a.  Equation  (4)  shows  that: 

ft'a  ^  Rl  (1  +  q'/)  (il) 


where 


*.^1  at  frequency  f'n 

Ri 


Direct  comparison  can  now  be  made  between  Rq  ,  the  effective  resistance 
of  the  driving  source  acting  in  parallel  with  the  crystal,  and  R'a  •  A  value  of  Rq  =  R'a 
will  reduce  the  Q  and,  hence,  45it^by  2.  A  similar  q  degradation  occurs  due  to  die 

effective  parallel  resistance  of  the  circuit  used  to  sample  the  voltage  across  the  crystal. 

Both  methods  of  crystal  operation  indicate  the  importance  of  the  crystal  Q  on 
osciliator  stability  and  the  need  to  miidmize  the  degrading  effect  of  the  driving  and  phase 
shift  sampling  circuits,  in  practice,  because  of  the  effects  discussed  in  Paragr^h 
4. 2. 2,  a  oompromise  is  necessary,  and  loading  that  reduces  the  Q  by  a  mctor  of  2  or 
3  is  considered  permissible, 

4, 2. 1. 2  Oscillator  Frequency  Tolerance 

All  military  standard  crystal  units  have  a  specified  frequency  tolerance  to 
wiiich  they  must  conform.  This  specification  guarantees  that  any  crystal  manufactured 
to  the  standards  of  the  particular  crystal  type  number  will  be  in  resonance,  or  parallel 
resonance  with  a  specified  loading  capacitor,  at  the  nominal  frequency  Stan^ed  on  the 
crystal  holder  to  within  the  given  toleraiiee,  and  over  the  specified  operating  tempera^ 
ture  range.  This  tolerance  makes  allowances  for: 

(a)’  Hie  effect  of  temperature  on  the  cFystal  resonance  (or  parallel 
resonance)  frequency  mid  the  variations  in  tho  magnitude  of  this 
effect  from  unit  to  unit. 


(b)  The  accuraoy  wiUi  which  the  crystal  unit  resonance  (or  parallel 
resonance)  frequency  can  be  adjusted  hi  manufacture. 
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As  an  Illustration^  Figure  6  defines  the  frequency  tolerance  of  a  wide  temperature 
range  crystal.  The  tolerance  is  assumed  to  be  dtO.  005  percent^  and  the  characteristics 
are  typical  of  an  AT- cut  crystal  showing  the  changes  of  f^  or  i  ^  as  a  ftmction  of 
temperature,  f^  is  the  nominal  crystal  frequency  as  marked  on  the  crystal  holder. 

As  shown  in  curves  (a)  and  (b),  the  actual  deviation  due  to  temperature  may  be  no  more 
than  ±0. 002  percent^  but  an  additional  i-O.  OOS^percent  manulaeturing  allowance  is  con^^ 
tained  in  the  overall  frequency  tolerance.  In  a  large  batch  of  crystals  of  the  stmie 
nominal  fre^ency,  crystals  will  be  found  exhibiting  the  extremes  of  curves  (a)  and  (b) 
as  well  as  the  intermediate  characteristics  shown  in  (c). 


Figure  6.  Overall  Frequency  Tolerance 


The  overall  oscillator  ^equency  tolerance  is  partially  determined  by  the 
crystal  frequency  tolerance.  Any  phase  Shift  Or  changes  of  phase  occurring  within 
the  remainder  of  the  oscillator  circuit  will  require  equal  and  opposite  compensating 
phase  Ranges  m  the  crystal.  Since  the  crystal  phase  angle  cannot  change  without 
a  proportionate  change  in  oscillator  frequency,  an  additional  frecpiency  tolerance  in 
excess  of  that  of  the  crystal  is  hicurred.  This  effect  can  be  considered  as  having  the 
foUowing  two  con^onents: 

• 

(a)  A  constant  miscorrelation  of  oscillator  and  crystal  frequencies  .due  to 
a  constant  phase  error  existing  in  the  remainder  of  the  oscillator  clr* 
cult.  This  phase  error  can  be  due  to  numerous  causes  which  cannot 
be  discussed  meaningfully  without  digressing  into  a  general  discussion 
of  oscillator  characteristics.  It  is  sufficient  to  state  that  such  con¬ 
stant  phase  errors  can  occur  and  may  result  in  considerable  mis* 
correlation  between  the  oscillator  and  crystal  frequencies. 

(b)  A  variant  oscillator  fre<piency  error  due  to  changes  In  the  phase  angle 
of  the  renvainder  of  the  oscillator  circuit  due  to  the  efrects  of  tenqmra» 
ture,  voltage,  aging,  etc. 
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The  correction  of  a  constant  phase  error  is  a  siMple  matter  requiring  Only  that  a  com* 
plementary  phase  shift  be  introduced  to  give  frequency  correlation.  The  existence  of  a 
fixed  phase  error  can  be  determined  by  using  a  Crystal  inapedance  Meter,  one  of  the 
functions  of  which  is  to  deternaine  die  f ^  or  f'^  of  a  crystali  Comparison  of  the  fre“ 
quency  measured,  using  this  apparatus  under  the  prescribed  testing  conditions, 'with 
that  of  the  oscillator  shows  the  amount  of  miscorrelation  due  to  fixed  phase  error  in 
the  oscillator.  Adjustments  can  then  be  made  to  the  oscillator  circuit  until  agreement 
between  the  two  frequencies  is  reached. 

The  above  process  recpires  little  effort,  and  large  values  of  miscorrelation 
are  inexcusable  when  the  effect  on  oscillator  overall  frequency  tolerance  is  considered. 
However,  it  is  reported  that  miscorrelation  is  responsible  for  the  great  majority  of 
crystal  misapplications  in  military  equipments,  and  it  is  clear  that  increased  emphasis 
is  required  on  this  point  in  oscillator  design. 

The  variable  phase  error  component  is  more  difficult  to  correct  because  of 
the  temperature  dependence  of  virtually  all  the  circuit  components.  Because  of  this 
it  is  advisable  to  use  high^^quality  con^nents  in  all  parts  of  the  circuit  where  sl^al 
now  Occurs.  If  this  is  inSiHficient,  temperature  compensating  components  will  be 
required. 

The  experiences  of  this  program  show  that  if  only  the  precaution  of  using 
high-quality  components  is  used,  the  overall  oscillator  frequency  tolerance  can  be  ex¬ 
pected  to  be  1. 2  to  2  times  that  of  the  crystal  alone.  For  example,  a  number  of 
oscillators  using  a  crystal  with  an  overall  frequency  tolerance  of  4:0.  oos  percent  will 
each  have  an  overall  nequency  tolerance  of  between  4:0, 006  and  4:0. 01  percent,  de¬ 
pending  on  the  phase  stability  of  the  remainder  of  the  oscillator  circuit, 

4. 2, 1. 3  Crystal  Power  Dissipation 

The  crystal  power  dissipation  level  can  have  a  marked  influence  on  the  per- 
forniance  of  a  crystal.  The  major  effect  is  the  increased  frequency  drift  with  time  as 
the  power  dissipation  is  increased.  All  military  standard  crystals  have  specified 
maximum  power  dissipation  vdiich  should  not  be  exceeded  under  any  circumstances. 

The  crystal  specification  only  defines  R  r  max>  the  maximum  value  of  R  r  and 
the  range  of  values  encountered  in  practice  can  be  wide,  particularly  for  crystals  de¬ 
signed  to  operate  Below  20  MC.  Most  crystals  will  have  Rp  values  of  0. 25  to  0. 5  Rj.  max* 
but  the  total  range  is  likely  to  be  of  the  order  of  A,  R  j.  to  Ry'^npy  * 

The  eiiects  of  the  possible  variation  of  Rj.  on  crystal  dissipation  are  analysed 
with  the  aid  of  Figure  7  which  shows  the  crystal  coimected  as  a  series  element  between 
a  supply  source  of  resistance  Rq  %  1^^^  Rin  *  1^1^  1^  typical  of  the  crystal 
operating  conditions  in  a  series  resonant  oscilbtor.  The  crystal  dissipation  P  ^  will  be: 
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STTS 


Figure  1.  Effective  Crystal  Circuit  in  Series  Resonant  Oscillator 


(12) 


Referring  to  Paragraph  4. 2. 1. 1  regarding  the  crystal  Q  degradation  due  to 
the  ternainating  resistance  levels,  a  value  of  (Rq  ^  Rjj^ )  -  R^  will  result 

in  a  Q  degradation  of  4  for  a  crystal  having  Ry  =  — R^  max* 

Assuming  this  to  be  a  suitable  terminating  level: 

V2 


Pc  " 


r  max 


(13) 


R, 


r  max 


(1  + 

3Ry 


Rr  is  a  constant  for  a  given  crystal  type,  and  if  V  is  held  constant,  the  crystal 
power  dissipation  equation  reduces  to: 


P 


c 


k  _ 

(1  +  ^r  mm  f 

^r  max  ^  ^r 


(14) 


R 
’  r 

Normalizing  and  plotting  Equation  (14)  for  a  range  of  ■  -  -  ■ 

max 

values  gives  the  graph  of  Figure  8  (parameter  Rr;  +  Ri„  =  JL-  R_  ), 

-  —  -  W  0  =  IllftX 

This  curve  shows  ttiat,  tmder  the  given  terminating  conditions,  a  crystal  having 

^  ’  Pr  max  ^iU  have  the  highest  dissipation  for  a  fixed  value  of  iifout 

voltage  V,  In  practice,  V  will  not  be  constant  due  to  the  imperfect  limiting  action 
of  the  active  device  and  will  be  larger  for  lower  values  of  Rj,  •  The  maximum  diS'- 
sipation  wiU,  therefore,  probab^  occur  for  a  crystal  of  0. 2  R^i  , 
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The  dashed  lines  indicate  the  limits  of  crystal  dissipation  that  will  occur  for 

crystal  resonant  resistances  lying  between  1  R _ and  R_  for  the  given  ter*» 

"  ^  °  j.  r  max  «» 

minating  condition.  In  this  exainple  the  change  in  dissipation  is  not  largei  This  is 

due  to  the  particular  value  of  terminating  resistance  chosen i  smaller  values  would 

result  in  larger  deviations. 

Equation  (12)  is,  of  course,  the  well  known  power  transfer  equation  if  Rq  and 

R^q  are  lumped  together.  It  follows  that  mmdmum  crystal  power  dissipation  will  al^ 
ways  occiu'  for  the  condition  where  ttie  crystal  resistance  equals  the  combined  sum  of 
the  source  and  load  resistance. 

4, 2. 2  AnalysiS'iOf  an  Oscillator 

The  previous  discussion  establishes  the  necessary  elements  of  an  oscillator; 
namely,  a  tuned  circuit  element  and  an  active  device.  It  also  points  out  the  mteraction 
that  occurs  between  these  components  and  the  necessity  of  minimizing  ttiis  interaction. 
This,  in  brnn,  implies  the  manipulation  of  impedance  levels  within  the  oscillator  cir« 
cult  to  satisfy  this  condition  and,  hence,  the  use  of  impedance  transforming  networlm. 
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Figure  9.  Basic  Oscillator 


Figure  9  shows  the  basic  oscillator.  The  block  marked  "ACTIVE  DEVICE" 
represents  the  tube  Or  transistor  with  its  associated  biasing  networks^  and  the  block 
labelled  ''FEEDBACK  NETWORK"  contains  the  crystal  together  with  any  required 
impedance  matching  transformers^  The  feedback  network  receives  power  from  the 
output  of  the  active  device  and  Supplies  power  to  the  control  electrode  of  the  active 
device^ 

Linear  network  theory  shows  that  oscillation  can  only  occur  uhen  these  two 
conditions  are  satisfied: 

Condition  (a)»  The  loop  power  gain  must  be  equal  to  Or  greater 
tiian  unity. 

Condition  (b)^  The  loop  phase  angle  must  equal  zero. 

These  conditions  can  be  interpreted  for  convenience  of  analysis  as  shown  in 
Figure  10,  which  shows  the  oscillator  circuit  of  Figure  9  with  the  connection  between 
the  active  device  output  and  the  feedback  network  broken  and  with  an  additional  load 
impedance  Zpg  (equal  to  that  of  the  feedback  network  When  loaded  with  the  active 
device  toput  in^edance)  connected  to  the  active  device  output. 


Figure  10,  Basic  QscUlator  «  Loop  Broken 
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If  the  applied  sighal  voltage  Vpg  produces  an  output  voltage  Vg  equal  to  Vpg, 

then  Condition  (a)  is  satisfied,  since  the  power  into  the  feedback  network  equals  the 
power  into  ,  which,  by  definition,  equals  the  feedback  network  input  Impedancei 

In  addition,  the  phase  relative  to  Vpg  must  equal  zero  de^ees  or,  the  equivalent, 
any  integpral  multiple  of  360  degrees. 

In  a  praGtical  desip,  if  the  loop  gain  was  unity,  the  oscillator  performance 
would  be  poor,  since  the  loop  gam  is  a  function  of  the  active  device  gain  which  is,  in 
turn,  dependent  on  power  supply,  external  load,  and  ambient  temperature  variations. 
Small  changes  in  any  of  these  factors  would  probably  reduce  the  loop  gain  below  unity, 
with  a  resultant  cessation  of  oscillation.  A  more  practical  requirement  is  that  the 
loop  gain  should  be  greater  than  unity  to  insure  that  the  gain  never  falls  to  unity  under 
the  most  adverse  operating  conditions  likely  to  be  encountered.  Condition  (a)  must, 
therefore^  be  modified  to  read  as  follows*. 

Condition  (c)  ^  The  loop  power  gain  must  be  greater  than  unity. 

Referrmg  to  Figure  16,  the  active,  device  power  gain  may  be  defmed  as: 

Power  into  the  total  load  resistance  Rx  Px  (15) 

P  Power  into  the  active  device  input  Fjji 

and  the  feedback  network  effieiency  as: 

Power  mto  the  active  device  mput  Pin  ^ 

E  =  ■  — -  - jii.--."  ^  (16) 

Power  into  the  feedback  network  Ppg 


Then  the  net  power  gain  between  die  feedback  network  input  and  the  active 
device  ou^iut  is*. 


1  -  T 

G  p  -  E.  G  =  ^ 

^FB 

(17) 

but 

P.J.  ^  P^  +  Ppg 

(18) 

and  therefore 

PpB  '  ®  •  ®p  ’  *  ^FB 

(19) 

or 

Ffb^^'p  *  'Fl 

(20) 
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Now  assuiiiing  that  all  reactive  elements  in  the  load  and  feedback  network  input  im^ 
pedance  are  tuned  out,  Pj^  and  Ppg  are  the  power  dissipation  in  and  re^ 
spectively,  and  the  relationship  between  them  can  be  obtained  by  noting  that: 


and 


PfB= 


p 

h 

R 


2 

FB 


(21) 

(22) 


Substituting  in  Equation  (20)  gives: 

^FB  s  g'p  -  1 

Rl 

Further  man^iulation  gives: 


(23) 


and 


=  R, 


R-  -  ^FB 

Rt  - TT” 

G  p 


»  1 


(24) 

(25) 


In  these  equations,  any  losses  in  the  output  bming  network  are  considered  to 
be  part  of  . 

Gathering  the  equations  together: 


G'p 

^  E  .  Gp 

(26) 

Pl 

^  g'p  1 

(27) 

Pra 

Rfb 

-  g'b  »  1 

(28) 

% 

r 

Rt 

^  P  - 

(29) 

Rl. 

g’ 

''p 

W  1  if  g'p  ^  10 

RpB 

-  g'„ 

(30) 

R.JI 

p 
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These  equations  show  that  c'p  governs  the  neGeSsary  impedanGe  levels  asso- 
elated  with  the  oselllatori  It  also  determines  the  maximum  power  output  of  the  os- 
eillatorj  sinee  the  maximum  permissible  feedback  power  Fpg  is  limited  by  the 

permissible  Grystal  dissipation;  the  crystal  being  one  of  the  dissipative  elements  in 
the  feedback  network. 

A  simple  example  will  iliustrate  the  use  of  these  formulae.  Referring  to 
Figure  11  and  making  the  following  assumptions: 


Stic 


(a)  The  power  gain  0^  of  the  trlode  is  50  when  loaded  with 

R.J.  ==  lOK. 

(b)  The  input  resistance  of  the  triode  under  these  conditions 
is  200  ohms. 


(c)  The  effective  resistance  of  the  crystal  at  resonance 
Rj.  is  100  ohms. 


(d)  The  maximum  allowable  crystal  dissipation  is  2  MW. 

(e)  The  effective  parallel  loss  resistance  of  the  coil  L  is  40  K. 
To  finalize  die  design,  the  values  of  R^  and  Rpg  have  to  be  determined: 


E  = 


in 


*^in  + 


-  0,67 


then 

and 


» 


34 


23 


1 


Rj  -  lOK 


(33) 


(34) 


The  coil  losses  are  included  in  this  value  and  B  l  =  13  K 


R-jpg  =  G  p  ^  Bfp  =  340  K 


The  impedance  reflected  into  the  piate  side  of  the  impedanee  transformer  L 
must  be  340  K  when  the  secondary  side  is  loaded  with  +  B^^^  The  impedance 
transformer  ratio  T^  will  therefore  bei 


T  -  = 


340  X  10" 
300 


=  1100 


(36) 


For  simplicity  in  this  example,  it  is  assumed  that  the  coil  L  has  unity  coupling  between 
turnS|  giving  a  turns  ratio  oft 

N  =  v'Hoo  =  33  (37), 

As  previously  stated,  in  any  practical  design  the  required  feedback  power  will  be  at 
least  twice  the  amount  indicated  in  these  equations,  to  allow  for  circuit  variations, 

This  can  be  taken  into  account  by  introducing  a  modified  value  of  G  p:  i,  Oi ,  by 

using  G"p  _  ^  p  or  ^  p  in  Equations  (33)  and  (35).  The  resulting  Rj,g  wiB  be 
2  3 

decreased,  giving  increased  feedback  power. 

The  permissible  power  output  to  the  load  B  before  crystal  overdrive  occurs 

can  be  determined  by  noting  that  33  percent  of  the  feedback  power  is  dissipated  in  the 
crystal.  The  maximum  permissible  feedback  power  is  therefore  6  MW. 

(38) 

204  MW 

Using  a  inore  realistic  value  of  G  p  (G  p  =  11,  for  e?uinple)  will  give  a  power  output 

in  the  region  of  60  to  70  MW.  It  is  then  a  simple  matter  to  determine  the  values  of  aU 
components  to  conmlete  the  design. 

This  exanmle  demonstrates  the  simplicity  of  oscillator  design  once  the  para* 
meters  of  the  various  circuit  elements  are  Imown.  In  some  cases,  ttiese  parameters 
are  directly  available  thrcu^  manufacturer's  data  sheets  and  present  no  problem  • 
other  thaa  that  of  interpretation.  In  otiher  instances,  little  directly  usable  infCrmation 
is  available,  and  the  determination  of  the  eharacteristles  of  the  circuit  elements  be* 
comes  a  major  design  problem. 

The  next  three  sections  give  general  backgroimd  information  concerning  me 
the  characteristics  of  the  oscillator  circuit  elements. 


^out  *  ^FB  .  ^p 


=  6x10  x34  ^ 


4^  2.  3  Active  Device  CharacteiFisties 

In  Paragraph  4. 2i  2  the  importance  of  the  power  gain  of  the  active  device  in 
the  oscillator  equations  is  noted.  The  characteristlGS  of  the  active  device  that  In^ 
fluence  an  oscillator  design  are: ' 

(a)  The  power  gain  of  the  device  as  a  function  of  output 
loading 

(b)  The  input  impedance  of  the  device  as  a  function  of 
output  loading 

(c)  The  phase  angle  between  input  and  output  as  a  function 
of  output  and  input  loading 

(d)  Power  Output  versus  supply  voltage,  current^  and  load 

(e)  Variations  in  the  above  due  to  changes  in  tenperature 

(Q  Gain  stability  as  a  function  of  gain  magnitude 

From  DC  to  10  MC  the  manufacturer' s  data  sheets  usually  supply  sufficient  parameter 
information  to  enable  characteristics  (a)  to  (e)  to  be  determined  by  calculation  with  a 
reasonable  degree  of  accuracy,  while  (f)  is  of  minor  importance  at  these  frequencies. 
Above  10  MC  the  parasitic  reactive  elements  and  the  physical  dimensions  of  the  active 
device  begin  to  have  an  increashig  effect  on  operation.  The  available  data  is  ordinarily 
not  sufficiently  detailed  to  account  for  these  effects,  and  the  prediction  of  active  device 
performance  characteristics  becomes  less  accurate  as  die  operating  frequency  increases. 
Even  if  this  was  not  the  case,  the  stray  reactance  introduced  by  the  physical  circuit 
layout  would  have  a  similar  effect,  lowering  the  accuracy  widi  which  the  characteristics 
of  the  active  device  ( together  writh  its  associated  network)  can  be  predicted. 

For  these  reasons,  die  technique  of  determining  the  active  device  characterls" 
tics  at  high  foequencies,  advocated  in  Paragraph  4, 5. 3. 4,  is  an  experimental  me&od 
in  which  the  active  device  characteristics  are  measured  in  a  circuit  similar  in  layout 
to  that  envisioned  for  the  oscillator  circuit.  Unfortunately,  the  amount  of  data  dmt 
can  be  obtained  in  this  way  is  rather  limited  unless  specialized  instrumentation  is 
available.  Qbaracteristics  (a),  (b),  and  (f)  can  be  determined  widi  fair  accuracy 
using  a  relatively  simple  measuring  procedure,  while  (c),  (e),  and,  to  some  extent, 

(d)  must  depend  on  oscillator  design  experience. 

In  Paragraphs  4. 5. 3,  and  4, 6, 3,  design  information  is  presented  on  the  se* 
lection  of  tubes  and  transistors,  together  with  methods  of  calculation  or  meastu'ement 
of  their  characteristics. 


4. 2. 4  Impedance  fransforming  Networks 

Because  of  the  large  differences  In  impedance  levels  likely  to  exist  between 
the  crystal  and  the  active  device,  at  least  one  impedance  transforming  network  is 
usually  necessary  in  an  oscillator.  Possible  applications  of  impedMce  transforming 
networks  in  oscillators  are: 

(a)  To  transform  the  impedance  level  of  the  feedback  network  to  that 
required  at  the  active  device  output 

(lb)  To  transform  the  input  impedance  of  the  active  device  to  a  suitable 
terminating  level  for  the  feedback  network 

(c)  To  transform  the  oscillator  load  to  a  level  suitable  for  connection 
to  the  active  device. 

In  t^plications  (a)  and  (b)  an  additional  requirement  has  to  be  met.  Not  only 
must  the  network  transform  impedance  levels,  it  must  also  introduce  a  desired  amount 
of  phase  shift  between  input  and  output.  This  Mil  normally  be  d  degrees  or  ISO  degrees, 
depending  on  the  oscillator  configuration,  Mt  it  may  be  desirable  to  introduce  small 
additional  phase  shifts  to  compensate  for  those  introduced  in  other  parts  of  the  circuiti 
This  requirement  can  be  met  by  {mplyins  suitable  formulae  to  the  impedance  trans¬ 
former  design. 

Commonly  used  inmedance  traesformii^  networks  are  shown  m  Figure  12. 
These  networks  are  normally  used  wim  a  tuning  reactance  as  shoum  in  dashed  lines 
in  (a)  to  (e),  although  these  components  play  no  part  in  the  impedance  transforming 
action.  These  networks,  or  the  tuning  coil  in  the  case  of  (d),  contain  resistive  elements 
in  the  form  of  coil  losses  that  result  in  power  loss.  This  power  loss  reduces  the  ef¬ 
ficiency  of  power  transfer  through  the  network  and  must  be  accounted  for  in  the 
oscillator  design.  Analyses  of  the  networks  of  Figure  12  are  noade  in  Paragraph  4. 7. 


4i  3  PerformaMil  $Beclil^ioB  qXM iQscillatof 

Prior  to  tho  doaign  Of  aB  Oscii;liato%  a  specifiGatton  is  written  fixing  the  Os 
cillator  performance  requirements.  These  requirements  are  normally  specified  in 
the  following  form; 

(a)  The  frequency  of  oscillation,  die,  frequency  tolerance,  and  the 
frequency  stability  required  of  me  oscillator  when  subijected  to 
a  certain  range  of  environmental  stress,  to  specified  variations 
in  oscillator  loading^  and  to  permissible  power  source  variations. 
The  minimum  time  period  between  readjustment  of  oscillator 
frequency  to  compensate  for  frequency  drifts  due  to  agings  and 
the  maximum  harmonic  oumut  may  also  be  specified. 

(b)  The  power  output  and  its  variation^  when  subjected  to  a  certain 
range  of  environmental  stress,  specified  variations  in  oscillator 
loading,  and  permissible  power  source  variations. 

(c)  The  load  Impedance  into  which  the  oscillator  will  work,  in  some 
instances  the  load  will  be  a  mixer  circuit  or  other  non-linem:  input 
impedance  circuit  and,  in  this  case,  the  load  impedance  is  Ukely 
to  be  only  vaguely  defined. 

(d)  The  permissible  input  power,  the  input  voltage  level,  and  the 
eipected  range  of  variation, 

(e)  The  oscillator  package  size, 

In  addition,  the  type  of  active  device;  that  is,  tube  or  transiStor,and  the 
maximum  cost  may  be  specified. 

4. 4  Design  Procedure 


Based  on  this  specification,  a  process  of  selection  is  necessary  to  arrive 
at  a  final  design.  This  involves  the  selection  of; 

(a)  The  crystal  operating  condition,  At  frequencies  up  to  20  MG  to 

25  MC,  there  is  a  choice  between  operation  at  resonance  or  parallel 
resonance;  at  hi^er  frequencies,  only  crystals  operating  at 
resonance  are  available. 

(b)  A  particular  type  of  crystal  firom  those,  available  at  the  desired 
frequency  of  operation. 


(c)  The  oseiilator  configuration.  This  will  be  governed  by  (b). 

(d)  The  desired  active  device  characteristics  based  on  (b)  and  (c). 

(e)  A  particular  type  of  tube  or  transistor  based  on  (d). 

(ih  The  tj^e  or  types  of  impedance  transforming  network  (hat 
will  be  used  based  on  (b)^  (e)^  and  (e)  . 

There  is  a  wide  freedom  of  choice  during  this  selection  process,  particularly 
in  steps  (c)  through  (f)  \  and  in  order  to  optimize  the  design,  this  freedom  of  choice  has 
to  be  limited  by  consideration  of  the  known  operating  characteristics  of  tubes,  transistors, 
impedance  transforming  networks,  and  experimental  oscillator  performance  evaluation 
data  at  the  desired  operating  frequency^  From  these  considerations  criteria  can  then 
be  developed  that  will  increase  the  possibility  of  optimizing  the  design  of  oscillators. 

4.  5  QSCillatOr„Dest@  at  High  FreaUencteS 

'  4. 5. 1  General 

At  frequencies  above  20  MG  the  characteristics  of  the  various  components  of 
an  oscillator  begin  to  be  frequency^ependent  due  to  the  presence  of  parasitic  reactance 
in  its  various  forms  ^  Circuit  layout  is  also  more  critical  for  the  same  reasons  and 
may  be  the  determining  factor  in  the  level  of  performance  that  can  be  attained.  Further, 
measurements  become  more  difficult  to  make  with  any  assurance  of  a  reasonable  ac^ 
curacy.  These  effects  are  relatively  mild  at  the  lower  frequencies  under  discussion 
and  become  worse  as  the  frequency  increases. 

The  prerequisite  for  design  is  to  know  the  characteristics  of  the  test  equips 
ment  that  will  be  used  and  to  appreciate  this  influence  on  the  circuit  under  test.  It  is 
not  always  sufficient  to  rely  on  manufacturers'  specifications,  Since  aging  and  other 
factors  may  degrade  performance  considerably.  As  an  example,  one  vacuum-tube 
voltmeter  used  during  early  design  evaluations  had  a  parallel  input  resistance  of  a 
few  hundred  ohms  in  addition  to  the  specified  capacitance  of  3  PF  at  200  MC,  Another 
vacuum-tube  voltmeter  had  a  parallel  input  resistance  of  5  K  at  150  MC  until  the  de¬ 
tector  diode  was  changed,  after  which  the  parallel  hput  resistance  increased  to  over 
25  K. 

Effects  of  this  nature  considerably  influence  the  interpretation  of  measurements 
and  shpuld  be  constantly  kept  in  mind.  Similarly,  circuit  components  are  likely  to  dif’^ 
fer  considerably  from  their  nominal  values.  Mica  c^acitors  of  nominal  value  exceeding 
10  PF  canimt  be  relied  on  to  have  an  actual  capacitance  approaching  the  nominal  value 
at  the  higher  frequencies.  This  effect  can  be  important,  particularly  in  impedance 
transforming  networks.  Carbon  resistors  also  vary  considerably  from  their  nominal 
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IMCASUREO  VMOK  tf  IKSSTQR  (OHMS  MEKUREO  (XMatlVE  VALUE  (  Pf  ) 

Figure  13.  T^ariation  of  iResisfamce  andi  fieactance  Wiih  Frequency  of  1/2;  Watt  Resistors 


values  as  Shown  In  Figure  13.  The  deviation  is  particularly  large  for  resistor  values 
greater  than  2  K  and  less  than  40  ohms.  These  charaeteristiGS  are  those  of  a  widely 
used  make  of  1/2  watt  resistor.  The  same  make  of  1/4  watt  resistor  exhibits  essen¬ 
tially  Similar  frequenGy  charaGteristics.  hi  many  cases  this  effeet  will  be  of  little 
GonsequenGe;  for  example,  in  deGoupling  networks,  etc.  in  other  instanGes^  suGh 
as  using  a  resistor  to  load  the  oscillator,  it  will  be  essential  to  Imow  the  actual 
value  of  resistance  with  reasonable  accuracy. 

Circuit  wiring  will  also  influence  the  performance  of  these  elements.  It  is 
of  little  use  to  employ  a  component  with  a  desired  eharaeteristie  if  the  component  will 
be  wired  into  the  circuit  with  long  lead  lengths.  One  inch  of  2d-gauge  wire  has  a  seif- 
inductance  of  approximately  0. 02  tJH,  corresponding  to  a  reactance  of  25  ohms  at  200 
MG.  When  working  at  low  impedance  levels,  this  inductance  can  have  appreciable 
effect  on  circuit  performance.  Long  lead  lengths  also  increase  mutual  inductive 
cotmling  (the  effects  of  which  are  more  difficult  to  intej^ret)  and  stray  capacitive 
coupling  (which  will  have  a  maximum  effect  at  high  impedance  points  of  the  circuit). 

Because  Of  the  possible  wide  deviations  from  nominal  of  the  components  that 
will  be  used  in  an  oscillator,  it  is  advisable  to  measure  the  component  values  at  the 
particular  operating  frequency  to  insure  that  design  conditions  are  being  fulfilled. 

In  fact,  the  experiences  of  this  program  suggest  that  impedance  measuring  equip¬ 
ment  is  essential  to  the  design  effort  at  the  high  frequencies.  Throughout  that  part 
of  the  program  dealing  with  high-frequency  oscillators,  an  RX  meter  was  in  constant 
use  and  proved  invaluable  in  aiding  the  design  effort. 

The  circuit  layout  problems  posed  during  initial  experimental  design 
evaluation  are  somewhat  different  from  those  in  a  final  design.  It  will  be  necessary 
to  take  measurements  and  change  components  in  the  circuit  to  evaluate  the  per- 
forniance,  \mile  this  will  not  be  necessary  in  the  final  design.  A  more  open  con¬ 
struction  is  therefore  necessary  initially,  to  allow  access  for  voltage  measuring 
probes  and  to  facilitate  the  changing  of  components.’  Figure  14  shows  photographs 
of  (he  layouts  used  for  all  the  high  frequency  oscillator  test  circuits  evaluated 
during  this  program.  In  these  layouts  the  output  and  input  circuits  were  separated 
by  the  screening  plate  shown  extending  across  the  chassis.  The  necessity  of  em= 
ploying  this  screen  is  not  known.  It  was  included  during  the  early  evaluations  as 
an  additional  safeguard  and,  since  the  layout  met  the  measurement  needs,  it  re¬ 
mained  throughout  the  program. 

4. 5. 2  Crystal  Characteristics 

Table  4  shows  the  military  standard  crystals  applicable  to  oscillator  design 
above  20  MC.  More  detailed  information  on  most  of  these  crystals  is  contained  in 
Reference  5,  Paragraph  7. 0,  There  are  no  military  standards  for  crystals  operating 
at  frequencies  above  125  MC,  but  crystals  meeting  the  general  requirements  of  types 
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Figure  14,  High  Frequency  Oscillators,  Input  and  Output  Circuits 
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GR^54A/U  or  CR*56A/U  can  be  obtained  for  operation  at  up  to  at  least  200  MG.  The 
major  difference  is  that  Rj^  may  be  as  high  as  100  ohms  instead  of  the  OO^ohm  maxi^ 
mum  value  of  Rji  specified  for  the  GR“^54A/U  or  CR“56A/U  units. 

All  the  tabulated  crystals  are  designed  to  operate  at  resonance.  The  circuit 
of  Figure  1  can  still  be  regarded  as  a  useful  equivalent  circuit,  although  parasitic 
reactance  in  the  crystal  holder  has  a  bearing  on  the  performance  at  the  higher  fre^^ 
quencies. 

At  frequencies  above  125  MG,  a  slightly  different  approach  is  required.  The 
Go  of  these  crystals  Is  typically  7  PF,  giving  a  reactance  Xo©  of  180  ohms  to  114  ohms 
in  the  125  MG  to  200  MG  band,  in  order  that  resonance  will  occur,  it  is  necessary  that 

X* 

should  be  greater  than  2  and  preferably  greater  than  4*  For  values  of  <  2, 
the  crystal  always  appears  capacitive;  and  for  n  values  between  2  and  3,  the  phase 

Rf 

shifting  ability  of  the  crystal  is  severely  degraded,  Since  these  conditions  are  not 
satisfied  for  R^  values  of  60  ohms  to  100  ohms  (the  range  in  which  these  crystals  can 
be  ejected  to  fall),  it  is'  necessary  to  increase  me  effective  reactance  of  X^^  .  This 
is  normally  done  by  connecting  a  low  Q  inductance  in  parallel  wim  the  crystai^  me 
value  of  the  inductor  being  such  as  to  cancel  out  Xco  at  the  frequency  of  resonance, 

The  coil  is  arranged  to  be  of  low  q  in  order  to  make  the  cancellation  uneritical,  but 
the  effective  parallel  resistance  of  the  coil  should  be  10  to  20  times  the  value  of  Ry 
to  avoid  degrading  the  crystal  resonance  characteristic, 

in  order  to  determine  the  value  of  the  cancellation  inductor,  it  is  necessary 
to  know  the  value  of  Gp  at  the  Operating  frequency.  Gp  measui'ements  at  frequencies 
Well  below  the  operating  frequency  have  little  meaning,  since  the  effect  of  the  crystal 
holder  parasitic  reactive  elements  is  to  increase  the  effective  value  of  Gq  ,  Gp  must 
therefore  be  measured  at  a  frequency  near  to  the  operating  frequency,  but  Sufficiently 
lower  so  that  the  series  arm  element  does  not  appreciably  affect  the  measurement. 

A  measuring  frequency  5  percent  to  10  percent  below  the  operating  firequency  is 
normally  satisfactory. 

In  many  instances,  cancellation  coils  are  used  in  oscillators  operating  below 
125  MG.  The  reason  for  this  is  that  Xpp  forms  a  low  impedance  feedback  path  inde^ 
pendent  of  die  crystal.  The  remainder  of  me  oscillator  is  usually  capable  of  inmg«' 
ducting  large  phase  shifts  wim  only  a  small  reduction  in  power  gain. 
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TABLE  4.  MILITARY  STANDARD  CRYSTAt^,  MIGR  FREQUENCY 


WIDE  TEl 

VIPERATURE  RANGE  GRYSTALS 

Maximum 

Nominal 

Operating 

Frequency , 

Equivalent 

Frequency 

Temperature 

Tolerance 

Drive 

Resistance 

(Megacycles) 

(Centigrade) 

(Percent)  : 

Level 

Holder 

Tj^e 

(Ohms) 

(*)  10  to  61 

-55°  to  +105° 

±0.005 

20MW  , 

HC-6/U 

CR-51  A/U 

40 

10  to  61 

-55°  to  +105° 

±0. 005 

2  and  4 

HC-6/U 

CR-52  A/U 

40 

MW 

(*)  15  to  50 

-55°  to  +105° 

±0. 005 

2  MW 

HC-IO/U 

CR-24/U 

50  and  75 

17  to  61 

-55°  to  +105° 

±0. 005 

2  MW 

HC-18/U 

CR-55/U 

40 

17  to  61 

-55°  to  +105° 

±0. 0025 

2  MW 

HC-18/U 

CR-67/U 

17  to  61 

-55°  to  +105° 

±0. 005 

HC-18/U 

GR-72/U 

17  to  61 

-55°  to  +105° 

±0. 0025 

HC-18/U 

CR-76/U 

17  to  62 

-55°  to  +105° 

±0. 002 

HC-25/U 

GR-77/U 

35  to  50 

-55°  to  +105° 

±0. 003 

HC-29/U 

CR-73/U 

(*)  50  to  87 

-55°  to  +105° 

±0.005 

20MW 

HC-6/U 

CR-53  A/U 

60 

50  to  125 

-55°  to  +105° 

±0. 005 

2  MW 

MC-6/U 

CR-54  A/U 

50  and  60 

SO  to  125 

-55°  to  +105° 

±0. 005 

2  MW 

MC-18/U 

CR-56  A/U 

50  and  60 

TEMPERATURE  CONTF 

lOLLED  CR 

YSTALS 

10  to  61 

75°  ±5° 

±0. 0025 

2  and  1 

HC-6/U 

CR^65/U 

40 

MW 

10  to  75 

75°  i:5° 

±0.002 

2  and  1 

HC-6/U 

CR-32  A/U 

40  and  50 

MW 

17  to  61 

85°  ±5° 

±0,  002 

2  and  1 

HC=18/U 

CR-61/U 

40 

MW 

45  to  75 

85°  ±5° 

±0,  0015 

HC-26/U 

;CR-74/U 

50  to  87 

75°  ±5° 

±0.00125 

BC-6/U 

CR-75/U 

50  to  125 

85°  ±5° 

±0. 002 

1  MW 

HG-18/U 

CR-59  A/t] 

50  and  60 

(*)  GOVERNMENT  PERMIS^ON  REQUIRED  PRIOR  TO  USE 


Therefore^  dSGillation  via  Gq  is  possible  if  the  amplified  gain  is  Sulfioienti  Ille  can^ 
cellation  coil  reduces  the  possibility  Of  this  occurring. 

The  Standard  military  crystal  test  sets  for  the  frequency  range  discussed 
here  are  the  Crystal  Impedance  Meters  TS-683/TSM  and  the  AN/TSM^15^  covering 
the  frequency  ranges  of  lO  MC  to  140  MC  and  75  MC  to  200  MC,  respectively.  The 
TS=683/TSM  is  supplied  with  a  selection  of  fixed  substitution  resistors  for  use  between 
50  MC  and  140  MC  in  determining  crystal  resonance  resistance^  and  a  variable  sub¬ 
stitution  resistor  for  use  below  50  MC.  The  AN/TSM-15  is  supplied  with  six  variable 
Substitution  resistors  whichj  between  them,  cover  the  resistance  range  of  10  ohms  to 
110  ohms,  with  a  negligible  reactive  coinponent  over  the  range  of  75  MC  to  200  MC. 

4. 5. 3  Active  Device  Characteristics 

It  is  desirable  to  know  the  values  of  the  active  device  characteristics  that 
influence  performance.  These  are: 

(a)  Power  gain  as  a  function  of  output  load 

(b)  biput  impedance  as  a  function  of  load 

(c)  Phase  angle  of  ouq^ut  voltage  relative  to  input  voltage  as  a  function 
of  itU)ut  and  output  terminations 

(d)  Power  output  as  a  function  of  supply  power  and  load  impedance 

(e)  Variations  of  the  above  as  a  function  of  temperature 

(f)  Gain  stability  as  a  function  of  load 

These  characteristics  become  increasingly  difficult  to  determine  aS  the 
operatins  frequency  is  increased.  At  firequencies  above  10  or  20  MC,  calculations 
based  On  the  simple  formulae  adequate  for  low-frequency  operation  begin  to  lose 
accuracy  because  of  the  effects  of  parasitic  reactance,  improvement  of  these 
formulae  to  account  for  the  new  effects  results  in  unwieldly  expressions.  Also, 
since  Uie  additional  parameters  (cathode  lead  mductance,  transit  tmae,  mutual 
couplbigs,  etc* )  are  not  normally  known  wiUi  any  certainty  unless  measurements 
are  performed,  this  approach  is  likely  to  defeat  its  object;  that  is,  to  design  by  calo 
culation  rather  than  by  e;q>eriment.  Hie  physical  layout  of  Uie  active  device  and  its 
associated  conmonents  may  also  introduce  comparable  parasitic  reactance,  making 
the  prediction  of  performance  difficult. 

The  alternative  approach  is  to  eimerimentally  measure  as  many  of  the 
active  device  characteristics  as  possible  at  the  desired  operating  frequency  and  under 


circuit  conditions  approaching  those  in  which  the  active  device  will  be  used.  In  practice^ 
this  consists  Of  naeasuring  the  power  gain  versus  load,  and  input  impedance  yersus  load. 
From  these  measurenients  an  Indication  of  gain  stability  as  a  function  of  load  can  also 
be  obtained,  This  leaves  items  (c)^  (d),  and  (e)  yet  to  be  determined.  Item  (d)  can  be 
calculated  with  reasonable  accuracy  by  methods  discussed  later.  Item  (e)  can  only  be 
determined  experimentally  with  any  degree  of  accuracy.  Because  it  is  easier  to 
measure  the  overall  effects  of  temperature  on  an  oscillator^  as  indicated  by  the  output 
frequency  and  power  changes^  than  to  measure  the  active  device  characteristic  varia^ 
tions,  the  desi^  recommendations  given  later  rely  on  iMormation  gathered  in  this  way 
as  a  substitute  for  (e).  The  measurement  of  Item  (c)  requires  specialized  equipment 
at  high  &equencies  and^  since  this  will  not  normally  be  available  to  the  designer,  past 
experience  must  again  be  relied  on. 

Before  this  process  of  measurement  is  implemented,  the  designer  must  choose 
a  particular  active  device  ijije;  and,  to  avoid  the  waste  of  time  incurred  if  the  choice  is 
inappropriate,  a  basis  for  this  selection  must  be  developed.  Furthermore,  it  is  de¬ 
sirable  that  this  basis  be  formed  on  the  infornaation  contained  in  the  manufacturer  *  a  data 
sheets. 

One  effect  that  cannot  be  easily  gauged  from  the  data  sheets  concerns  the  in^ 
herent  feedback  within  the  active  device.  This  effect  is  particularly  important  at  the 
higher  frequencies  because  the  feedback  path  is  either  wholly  or  partially  through  the 
stray  capacitance  of  the  active  device  and  its  associated  circuits.  This  feedback  is 
not  necessarily  positive  feedback  at  the  desired  oscillator  frequency,  where  the  input 
and  output  circuits  of  the  active  device  are  essentially  resistive  due  to  the  conjugate 
matching  employed.  The  danger  is  that  at  adjacent  frequencies  these  tuning  networks 
are  likely  to  produce  large  phase  shifts  which,  in  conjunction  with  that  in  the  inherent 
feedback  path,  will  result  in  positive  feedback  and  possible  oscillation.  It  should  also 
be  noted  that,  at  the  desired  oscillator  frequency,  mis  undesired  feedback  path  is  in 
parallel  with  the  desired  feedback  path  containing  the  crystal.  The  necessary  condition 
for  oscillation  to  occur  is  that  the  combined  feedback  signal  from  the  two  paths  Should 
result  in  0  degrees  phase  shift.  The  desired  feedback  path  will  have  to  condensate  for 
any  phase  shift  present  in  the  undesired  feedback  path  and  may  result  in  the  crystal 
operating  off  resonance. 

The  following  discussion  is  intended  to  show  the  effect  of  .tte  inherent  feed» 
back  paths  more  clearly  and  the  methods  available  for  counteractfog  it.  The  discussion 
is  in  no  way  rigorous:  for  more  detailed  discussions,  see  References  6,  7,  and  8  of 
Paragraph  7.0, 

4, 5, 3, 1  Feedback  Effects  at  High  Frequencies 

The  behavior  of  any  active  device  can  be  chauracterized  by  a  set  of  four  paira« 
meters  which  may  be  specified  in  various  forms.  The  form  used  here,  and  the  one 


mast  applicable  at  high  frequencies,  is  tiie  admittance  or  'y*  parameter  formi  For  the 
three  methods  of  connecting  a  tube  or  transistor  as  shown  in  Figure  15^  the  equations 
characterizing  the  active  device  are: 


^  V2 

(3?) 

h  "  YfVi  . 

^  Y0V2 

(40) 

where  the  positive  direction  of  Ij,  I2,  Vj.,  and  Is  taken  as  indicated  la  Figure  15, 
and  where: 


Vi  -  Gi  +  jBi 

Yy  =  Gj.  +  jfij. 

Yf  =  Gf  +  jBf 

Yo  ^  %  +  jBq 


when  2,  2*  are  short  circuited 
when  1, 1*  are  short  circuited 
when  2, 2'  are  short  circuited 
wdien  1, 1*  are  short  circuited 


(41) 

(42) 

(43) 


(44) 


to) 


(b) 


(e) 


Figure  15.  Active  Device  Configurations 
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The  four  parameters  will^  In  general^  be  different  for  each  of  the  connections 
shown  In  Figure  15  (a)  to  (c)  and  (d)  to  (f)^  and  can  be  distinquished  from  each  other  by 
an  additional  suffix  indicating  the  pounded  element.  From  Equations  (39)  and  (40)  the 
equivalent  circuit  of  Figure  10  can  be  developed,  which  also  shows  a  load  of  admittance 
Yl  *hid  a  driving  source  of  admittance  t^ere: 


Yl  -  Gl  ^ 


(45) 


Yg  "  Gq  + 


(40) 


IMS 


Yj.V, 


(Yf  )V|I 


Yo*Yr 


Figure  16.  Active  Device  Equivalent  Circuit 


Refeiring  to  Figure  16,  the  nodal  equations  are; 


Ij  =  (Yi  +  Y^  Vj  +  YpYg 

O  -  +  (Yo  ^  Yl)  V2 


(47) 

(48) 


The  power  output  is  given  by; 


p  =  V  Gt 

^o  ’'2  L 


I,  -  Y  -  G 
I  f  L 


KYi  +  Yo)  (Yq  +  Yt  )  -  y.  ,  Y.  l 


(50) 


The  maximiiTn  available  power  P_  from  a  source  of  admittance 
Yq  ^  Gq  +  JBq  is; 


av 


4Gg 
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(51) 


and  is  Supplied  to  the  active  device  when  the  input  is  conjugately  naat^ed  to  ^e  source. 
The  transducer  power  gain  is  defined  as: 


(52) 

i(»i  +  Yot  ffo  ♦  »L>  *  \  *  ’fri  ^  <‘*l 


The  denoininator  of  Equation  (53)  is  the  vectorial  difference  of 

(Yj  +  Yq  )  (Yg  +  Yj^ )  and  (Yj  x  Y^.  )>  and  if  fliese  tertos  approach  a  coin^^ 

parable  magnitude  and  phase  angle^  Gx  will  approach  infinity.  It  can  be  shov^ 
(References  6  and  7}  Paragraph  7. 0)  t^t  the  circuit  is  likely  to  oscillate  if: 


|Yf  .  Yj,|  +  Re  (Yj  .  Yj,)  >  2  (Gj  +  Gg)  (G^  +  G^; 


(54) 


where  Re  (Yj  .  Yy )  is  the  real  part  of  Yf  .  Y^.  Conversely,  the  amplifier  is  un« 
conditionally  stable  if  the  stability  factor  K  is  heater  than  unity.  This  is  defined  as: 

K.  ,SS) 

lYf  .  Yrl  +  Re(^f  .  Yj.) 

The  amount  by  uiiich  K  exceeds  unity  is  a  direct  indication  of  the  circuit  sta'’ 
bllity.  K  values  as  high  as  10  have  been  suggested  as  desirable  in  transistor  amplifier 
Circuits  undergoing  severe  environmental  stress.  This  takes  into  account  the  rela« 
tively  large  parameter  Spread  encotmtered  in  transistors  of  the  same  type,  and  suggests 
that  a  K  value  of  3  or  4  would  be  adequate  for  a  vacuum  tube  amplifier,  ^ere  the 
parameters  are  less  temperature  dependent  and  where  toe  parameter  spread  between 
units  of  toe  same  type  is  smaller. 

The  cause  of  this  tendency  of  toe  amplifier  toward  instability  is  toe  term  -Yr, 
toe  admittmice  coupling  the  output  and  input  of  the  active  device,  in  a  vacuum  tube  tois 
consists  primarily  of  the  parasitic  capacitance  between  plate  and  cathode  or  plate  and 
grid  for  grounded  grid  or  grounded  cathode  amplifiers,  respectively,  in  a  transistor, 
-Y^  is  a  combination  of  resistance  and  capacitance  in  the  semiconductor  material  and 
the  header  capacitance.  In  neither  case  does  ^^Yj.  contribute  to  the  useful  forward  gain 
of  toe  amplifier,  and  its  nytnlinization  is  desirable  in  an  active  device, 
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There  are  two  alternative  methods  of  stabilizMg  the  amplifier  power  gaiil: 
uniiateraUzatiQh  (or  neutralization)  or  by  mismatch. 

(a)  Stabilization  by  Unilateralization  or  Neutralization 


Referring  to  Figure  if  an  admittance  is  introduced  in  parallel 
with  “Yf  ,  the  two  cancel^  resulting  in  zero  coupling  between  output  and  input.  The 
transducer  gain  becomes: 

-  '  (58, 


tunil 


|  (Yi  +  (Yo  +  Yl  )  I  2 


and  the  amplifier  is  unconditionally  stable.  The  amplifier  is  then  said  to  be  unilater^ 
alized.  If  the  added  admittance  fully  or  partially  cancels  oidy  the  susceptive  part  of 
‘‘Yf  ,  the  amplifier  is  said  to  be  neutralized. 


If  conjugate  matching  of  ii^ut  and  output  is  employedi  maximum  gain  is  ob« 
tained  and  is  given  by: 


G 


t  max 


*°fi6 


m 


(b)  Stabilization  by  Mismatch 

Referring  to  Equation  ($5),  the  stability  factor  is  increased  if  the 
numerator  is  increased  and  the  denominator  is  held  constant.  This  means  that  Gq  and 
Gl  have  to  be  increased,  since  Gj  and  G^,  are  active  device  parameters,  The 

optimum  conditions  of  mismatch  (that  is,  that  producing  the  hi|diest  gain  for  a  given 
stability)  is  obtained  when: 


G. 


=  m 


^ere  m  is  termed  the  mismatch  factor.  Provided  that; 


+  1)^  »  y. 


and  the  susceptive  components  of  and  Y^  are  tuned  out,  ttie  expression  for  power  gain 
iS: 


4  m 


pmm 


(m  +  1) 


|y>i  ^ 
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(60) 


(c)  Comparison  of  Power  Gain  Uislng  the  Two  Stabilizing  Methods 

Stabilizing  the  amplifier  gain  by  mismatch  results  m  a  smaller  power 
gain  relative  to  that  obtainable  by  unilateralization  for  a  given  stability.  This  is  ob“ 
vious  when  it  is  considered  that  mismatching  results  in  inefficient  power  transfer, 
whereas  matching  can  be  employed  with  a  unilateralized  amplifier.  A  direct  com¬ 
parison  can  be  obtained  by  taking  the  ratio  of  Equation  (60)  to  Equation  (57): 


G, 


pmm 


16  m 

I  +  1)  4 


Gp  unil 

If  m  =  1  (that  is,  no  mismatch),  the  stability  factor  is  given  by: 
K  = 


SGi  .  % 


»  Re(%  .  V,) 

Employing  mismatch  and  letting  m  =  2: 


(61) 


(62) 


18G^ 

K  =  - - - -  (63) 

jYf  .  Y^l  R^(Yf  .  Yr) 

This  results  in  an  improvement  of  2^  25  m  K,  while  the  loss  in  power  gain,  relative  to 
that  obtainable  usmg  unilateralization,  will  be  4  DB.  A  similar  comparison  employing 
m  =  3  Shows  an  improvenient  in  Stability  of  4  times  greater  than  that  for  m  =  1,  with 
a  power  gain  loss  of  7  DB  conmared  to  a  umlateralized  amplifier.  These  losses  are 
not  too  gpreat  when  the  unilateralized  power  gain  capability  is  relatively  high;  that  is, 

20  DB  or  greater,  otherwise  the  gain  will  be  seriously  afiiected. 

4. 5, 3. 2  Active  Device  Configurations  Used  During  This  Program 


Only  two  types  of  active  device  configuration  have  been  investigated  in  detail 
during  this  program:  the  grounded  grid  triode  mid  the  grounded  base  transistor  con¬ 
figurations.  A  grounded  emitter  transistor  amplifier  and  a  grounded  cathode  tetrode 
amplifier  were  evaluated  at  a  frequency  of  200  MC.  Both  circuits  showed  good  gain 
c^abilities  at  this  frequency.  The  tetrode  had  a  stable  gain  of  300  and  die  transistor 
a  stable  gats  of  50.  However,  attempts  to  incorporate  these  amplifiers  in  oscillator 
circuits  were  unsuccessful  due  to  the  large  undesired  phase  angle  deviations  occurring 
in  the  active  device.  Attengits  were  made  to  correct  for  these  effects,  but  without 
successi  and  the  e?qperiments  had  to  be  abandoned  because  of  time  limitations. 

It  is  doubtful  if  much  was  to  be  gained  foom  using  these  configurations  in  any 
case.  The  tetrode  design  was  undertaken  because  of  the  possibility  of  obtaining  bi^er 
gain  and,  hence,  larger  power  output  thim  that  obtahiable  using  a  grounded  grid  triode. 
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This  would  certainly  have  been  the  case  except  for  the  undesired  phase  shift  probleinS 
that  arose.  However,  this  would  only  be  gained  at  the  ei^ense  of  increased  circuit  com¬ 
plexity  due  to  the  presence  of  the  screen  grid  and  the  neGessity  of  using  two  impedance 
transforming  networks^  one  of  them  having  phase  inverting  properties.  The  same  result 
could  be  obtained  using  the  two  halves  of  a  double  trlode  with  approximately  the  same 
number  of  con^onents;  one  trlode  being  used  in  the  oscillator  circuit,  and  the  other 
used  as  a  buffer  amplifier^  This  approach  might  possibly  result  in  increased  isolation 
of  the  oscillator  from  the  load,  but  at  the  ei^ense  of  increased  power  drain. 

The  grounded  emitter  transistor  oscillator  design  was  undertaken  purely  as  a 
parallel  effort  to  the  tetrode  design.  Little  advantage  could  be  foreseen  for  this  con¬ 
figuration  in  view  of  the  excellent  gains  obtained  previously  wlih  the  grounded  base 
circuit  and  because  of  the  inherently  higher  gain  variations  of  the  grounded  emitter 
configuration,  particularly  with  temperature. 

Configurations  other  than  the  grounded  base  and  grounded  grid  are  occasionally 
mentioned  in  the  following  sections.  However,  this  is  done  purely  for  completeness, 
and  it  is  emphasized  that  the  two  above-mentioned  configurations  are  the  ones  covered 
in  this  part  of  the  report  under  high-frequency  oscillators. 

4. 5. 3. 3  Aids  to  Active  Device  Selection 

4. 5. 3. 3. 1  Vacuum  Tubes 


The  low-frequency  parameters  of  a  vacuum  tube  can  be  used  to  indicate  Hie 
gain  capabilities  at  high  frequencies,  provided  that  the  effects  of  parasitic  reactance 
are  small.  The  relevant  low-frequency  equations  are*. 

(a)  Grounded  Grid  Triodes 


Power  gain,  Gp  =  ( U  +  1) 


Rn 


Rp  +  R-y 

where  Rj  is  the  total  load  resistance.  The  maximum  power 


therefore: 


max 


-  (U  +  1) 


when  Rt,>>  R 
T  p 


Cathode  input  resistance,  R{p  = 


R  +  R^ 
P  T 

U  +  1 


(64) 
is, 

(65) 

(6^ 
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(b)  Grounded  Grid  Pentodes  or  Tetrodes 


Power  gain,  Op  =  gni  .  R-p 
and  the  cathode  input  resistanGe: 


if  Rp  ^  . 

(0)  Grounded  Cathode  Pentodes  or  f  etrodes 


(67) 

(68) 


Power  Gain,  Op  =  g^^^  .  R^  .  Rj^  (69) 

Where  RiB  ^  (70) 

w  gna  \  TKe  / 

where  ^gk^  angpular  frequency  of  resonMce  of  the  grid»eathbde 

stray  capacitance  with  the  cathode  leakage  in^ 
inductance 

a>  =  anguiar  frequency  of  operation 
T  s  ttiae  delay  due  to  transit  tiine  Of  electroni 
between  grid  and  cathode 
Ke  =  constant  dependent  on  tube  geoinetry 


In  general,  Wgk  and  TKg  will  not  be  known;  however,  the  tube  manufacturer 
sometimes  Specifies  Rip  at  a  particular  frequency  fg ,  and  a  usable  value 
of  input  resistance  at  the  desired  operating  frequency  ^  can  be  obtained  by 
muitiplying  the  given  value  of  Rin  by  g  . 

id? 

The  power  gain  obtainable  in  either  of  these  connections  is  proportional  to 
the  total  load  resistance  R'p,  the  maxiinum  value  of  which  is  limited  in  the  following  two 
ways. 

(a)  The  effective  parallel  resistance  of  the  tuning  inductor  Rq  .  Assuming 
a  value  of  lO^PF  capacitance  composed  of  strays  and  tuning  capaci^ 
tance  in  the  plate  circuit,  the  capacitive  reactance  at  lOO  MG  is  160 
ohms.  The  Q  of  the  inductance  will  be  between  50  and  200,  depending 
on  space  requirements,  etc* ,  resulting  in  an  Rp  of  from  8  K  to  32  K. 

For  the  same  total  tuning  capacitance,  these  values  will  be  4K  and  16 
K  at  200  MC.  The  actual  load  Rp  will  be  in  parallel  with  Rp  and,  in 
order  to  obtain  a  reasonable  ratio  of  power  into  the  load  versus  power  con 
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R“ 

sumed  in  the  inductor,  the  ratio  of  should  he  large.  Even  when 

CO  mprotnising  to  the  utmost  and  making  this  results  in 

%  values  of  4  K  to  16  K  at  106  MO  and  2  K  to  8  K  at  200  MC,  placing 
a  definite  limit  on  the  usable  vaiues  of  Rrp,  This  latter  condition  is 

not  desirable,  since  for  a  given  power  input  the  power  output  of  interest 
is  the  power  into  R^  ,  not  the  power  into  R^j  . 

These  considerations  result  in  an  additional  characteristics  requirement 
for  a  triode.  The  tube  should  not  only  have  a  hi^  tJ,  but  also  a  tow  Rp 
in  order  to  give  reasonable  gain  with  a  low  value  of  R^  ,  Since  u  and 
Rp  mre  interrelated  by  the  formula: 

U  =  gm  ‘  Rp  (71) 

the  tube  must  also  have  a  high  mutual  conductance. 

(b)  As  indicated  in  Paragraph  4. 5, 3,  l,  the  stabiltty  of  the  tube  circuit  is 
dependent  on  the  value  of  Rq>  and  may  be  the  limiting  factor  governing 

the  maximum  permissible  value  of  R>j> , 

In  the  case  of  the  grounded  grid  triode,  the  maximum  available  stable  gam  is 
likely  to  be  of  the  order  of  E  to  ^  because  of  the  effects  noted  m  (a)  and  (b),  while 

Equation  (66)  will  give  a  reasonably  accurate  indication  of  the  input  resistance,  pro^ 
vided  that  the  circuit  is  not  tending  to  instability.  At  lower  frequencies  both  these 
fects  will  have  less  mfluence  on  perforinance. 

When  considering  pentodes  or  tetrodes  for  grounded  grid  operation,  R^  will 
be  mostly  limited  by  the  dynamic  resistance  of  the  tuning  inductance,  since  the  imierent 
feedback  is  reduced  with  this  type  of  tube  structure.  The  mammum  available  power 
gain  will,  therefore,  be  gjj^ .  Rj  ,  where  R^  UeS  in  the  range  of  2  K  to  10  K. 

4. 5. 3. 3. 2  Transistors 

The  typical  power  gain  diaraeteristics  of  a  matched,  unilateralized  high" 
frequency  transistor  are  shown  in  Figure  17.  Power  gam  curves  for  common  emitter 
and  common  base  anmlifiers  are  plotted  mom  PC  to  a  frequency  f^^  defined  as  ttie 
frequency  at  uhich  the  power  gain  falls  to  vmity  ( 0  DB) .  f^^^  is  me  maximum  fire" 
quency  at  which  the  transistor  is  capable  of  oscillating  vmen  all  the  output  power  is 
fed  back  to  the  input.  Since  such  im  oscillator  is  supplying  no  output  power,  the 
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transistor  cannot  be  defined  as  operating  in  any  particular  mode,  and  it  therefore 
follows  that  f^4x  ^^llbes  the  frequency  at  which  the  power  gain  falls  to  1,  independent 
of  the  configuration  in  whldi  the  transistor  is  connected.  At  frequencies  below  , 

(he  power  gain  increases  at  a  rate  of  6  DB  per  octave  until  the  low-frequency  power 
gain  is  approached. 

other  high-frequency  characteristics  shoun  in  Figure  17  are  |h£g  |  and  |h|ij  |  , 

the  common  emitter  and  common  base  short  circuit  current  gain  magnitudes,  respective¬ 
ly.  |h£g  |  also  eidiibits  a  6-DB  per  octave  slope  at  high  frequencies,  the  ''cutoff  '  fre¬ 
quency  being  fg  ,  the  frequency  at  which  h^^  is  3  DB  donn  on  hpg,  the  low-frequency 

current  gain.  Another  term  related  to  |  hf^  |  is  %  ,  the  frequency  at  which  |  h|g  ]  falls 
to  1.  |  h£)3;|  has  the  same  general  characteristic,  the  cutoff  frequency  f^  being  that 
frequency  at  which  |  h£j^  |  falls  3  DB  below  hpg,  the  low-frequency  common  base  cmrrent 
gain,  f^  and  f^  are  vaguely  interrelated,  f^  being  typically  1  to  2. 5  times  f^  . 

Manufacturer's  data  sheets  give  values  for  some  of  these  quantities  and,  with 
this  information  and  a  Imowledge  of  the  generalized  power  gain  curve,  the  gain  capa¬ 
bilities  of  a  transistor  at  any  ffequency  can  be  predicted  with  reasonable  accuracy. 

The  determination  of  the  input  and  output  impedance  or  admittance  levels  of 
the  transistor  are  not  as  simple.  The  parameters  determining  these  quantities  are 
those  stated  in  Paragraph  4. 5. 3. 1,  and  Table  5  shows  the  typical  variations  of  these 
parameters  over  the  frequency  range  from  10  MC  to  200  MC. 


TABLE  5.  Y  PABAMETER  VARlAfiONg  WITH  FREQUENCY 


Parameter  i 

Variation 

^oe  (^ob ) 

Varies  over  a  range  of  10: 1 

®oe  ^®ob ) 

Varies  over  a  range  of  2:i 

^ie 

Varies  over  a  range  of  10:1 

Hie 

Varies  over  a  range  of  3;1 

%e 

'  Varies  over  a  range  of  6^ 

®fe 

Varies  over  a  range  of  6:  i 

®re 

Varies  over  a  range  of  5;i 

Sre 

Varies  over  a  range  of  5|l 

The  second  suffix  (e)  or  (b)  refers  to  grounded  emitter  or  grounded 

base  oonfiguratiQn,  respectively. 
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Oecasidnally,  a  maiiufacturef  presdhts  this  parameter  data  in  graphlGal  forih^  showing 
the  typical  variation  with  frequency  and  transistor  power  levels  of  the  individual  para^ 
meters.  These  are  rare  instances^  however;  in  the  majority  of  cases  no  high-frequency 
parameter  information  other  than  the  magnitude  of  the  high-frequency  common  emitter 
current  gain  hfg  is  given. 

®i »  ®i  j  Gq  »  ®o  ^  measured  using  a  two=terminai  impedance  bridge^ 
but  the  forward  and  reverse  admittance  measurements  require  a  three-terminal  bridge^ 
an  instrument  not  normally  available  to  the  designer.  The  simplest  solution  is  to 
measure  the  input  impedance  of  the  transistor  in  the  amplifier  in  which  it  will  be  used 
in  the  oscillator  circuit,  for  various  values  of  load  resistance.  This  meastmement  is 
as  easy  to  make  as  that  of  G|  and  ,  and  the  desired  data  (input  impedance  as  a  func¬ 
tion  of  load)  is  obtained  directly.  This  subject  is  discussed  further  in  Faragraph 
4. 5. 3. 4. 

The  bias  conditions  of  the  transistor  influence  its  characteristics  appreciably. 
The  data  sheet  values  of  Wx»  %»  |•‘fel  ,  etc. ,  are  normally  given  for  speci¬ 
fied  values  of  collector  current  and  voltage.  Data  sheets  of  high-speed  switching 
transistors  frequently  give  curves  of  fp  versus  collector  current  and  voltage.  This 
inforination  is  usually  si^ficlent  to  enable  a  desired  biasing  condition  to  be  chosen. 

The  loading  due  to  the  output  tuned  circuit  effective  parallel  resistance 
will  normally  have  negligible  effect  in  transistor  oscillators  because  of  the  low 
values  of  output  load  resistance  necessary  to  maintain  stability. 

4. 5. 3. 4  Determination  of  Active  Device  Characteristics 

if  the  design  frequency  is  sufficiently  low  (20  MC  or  30  MC),  the  power  gain 
and  input  impedance  as  a  function  of  load  can  be  determined  with  reasonable  accuracy 
by  calculation,  using  the  low-hrequcncy  parameters. 

The  performance  can  then  be  checked  experimentally  using  the  load  resistance 
determined  in  a  single-tuned  amplifier  circuit  driven  from  a  signal  generator.  Iimut 
and  output  voltages  are  measured  with  the  output  circuit  tuned  to  resonance  mid  a 
value  obtained  for  the  input  resistance  of  the  active  device  using  the  substitution 
method.  In  this  method,  ^e  input  voltage  to  the  active  device  is  measured,  then  the 
signal  generator  is  disconnected  from  the  active  device  and  connected  to  a  resistor, 
and  die  voltage  across  the  resistor  is  measured.  Adjustment  of  the  value  of  the 
resistor,  until  the  voltage  across  it  equals  that  previously  measured  across  the 
active  device,  will  determine  the  active  device  input  resistance  to  the  desired  accuracy. 

From  the  above  measurements  the  power  gain  can  be  obtained.  This  is  based 
on  the  assumption  that  the  active  device  input  impedance  is  essentially  resistive  at 
these  frequencies;  this  is  justifiable  for  transistors  i^th  an  f'p  of  300  to  400  ulien 
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opefated  in  the  common  base  configuration,  and  particulariy  so  for  grounded  grid  triodes 
or  pentodes. 

A  more  accurate  approach,  and  the  only  adequate  one  at  higher  frequencies, 
uses  the  same  basic  approach  with  the  exception  that  an  impedance  measuring  bridge  is 
substituted  for  the  signal  generator  as  a  driving  source,  input  and  output  voltages  are 
again  measured  with  the  output  (Mned  to  resonance^  while  the  input  impedance  is 
measured  directly  by  the  impedance  bridge. 

The  impedance  bridge  used  during  this  program  was  a  Boonton  RX  meter  which 
has  a  frequency  range  of  sod  KC  to  250  MC.  As  supplied  by  the  manufacturer,  the  iix 
meter  is  not  entirely  suitable  for  the  measurement  of  active  device  input  impedance 
because  of  the  high  signal  level  existing  at  the  bridge  terminals.  The  maximum  input 
voltage  that  can  be  applied  to  the  emitter-base  junction  of  a  transistor  before  non- 
linearity  occurs  is  typically  lo  MV  RMS.  Since  the  output  of  the  bridge  is  at  least  10 
times  this  level,  it  follows  that  the  bridge  ou^ut  voltage  requires  reduction  to  obtain 
meaningful  results.  The  simple  modifications  required  are  fully  described  in  ibe  RX 
meter  instruction  manual,  and  require  less  ttian  one  hour  to  complete.  Other  imped¬ 
ance  meters  can  be  used  for  these  measurements,  but  the  user  is  advised  to  insure 
that  the  output  level  is  suitable  for  this  application. 

After  modification,  the  RX  meter  has  certain  peculiarities  of  operation  which 
may  be  misleading.  These  are: 

(a)  When  operated  at  low  bridge  voltage  levels,  the  bridge  operating 
frequency  is  strongly  dependent  on  the  bridge  oscillator  voltage 
level.  Slight  adjustment  of  the  bridge  output  voltage  results  in 
sufficient  change  of  bridge  frequency  that  it  will  be  necessary  to 
readjust  the  detector  oscillator  tuning  to  maintain  a  detector  signal, 

(The  detector  oscillator  frequency  is  lOO  KC  removed  from  the 
operating  frequency  to  give  a  loo-KC  intermediate  frequency . ) 

(b)  The  feedthrough  of  the  detector  oscillator  Signal  to  the  RX  meter 
terminals  has  an  anq)litude  of  several  millivolts,  which  is  of  the 
same  order  as  the  desired  bridge  signal  for  transistor  measure¬ 
ments.  If  the  bandwidtii  of  the  transistor  amplifier  is  sufficiently 
wide,  this  signal  is  amplified  and  appears  at  the  output;  this  may 
mislead  the  operator  into  thinking  that  the  circuit  under  measurement 
is  oscillating.  At  test  frequencies  in  the  region  of  17Q  MC  and  above, 
this  feedthrough  signal  level  begins  to  be  excessive  (values  exceeding 
20  MV  have  been  measured).  The  values  of  gain  and  input  impedance 
measured  under  these  conditions  are  suspect  because  of  possible  non¬ 
linear  operation,  but  a^ear  to  be  adequate  for  the  intended  purpose. 
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An  alternative  approach  is  available  using  the  RX  Meter  (see  reference 
9,  Paragraph  7.0).  This  consists  of  slopping  the  internal  detector  os“ 
Cillator  and  substituting  a  mixer  signal  of  lower  amplitude  from  an  ex¬ 
ternal  source,  at  a  frequency  several  megacycles  removed  from  the 
bridge  frequency.  The  resulting  heterodyne  frequency  is  detected  using 
a  sensitive  receiver.  It  is  also  possible  that  some  improvement  could 
be  obtained  using  the  existing  circuit  by  reducing  the  amplitude  of  the 
mixer  oscillator  signal.  The  detector  circuit  sensitivity  is  more  than 
adequate  with  the  described  modifications,  and  some  degradation  could 
be  allowed  if  a  reduction  in  feedthrough  resulted. 

The  determination  of  the  active  device  characteristics  is  made  In  the  following 

manner. 

step  1 

Assuming  that  the  active  device  configuration  and  biasing  conditions 
have  been  determined  from  the  previous  discussion,  the  active  device  is  incorporated 
into  a  singlo^tuned  circuit  amplifier^  The  tuning  inductance  used  in  the  output  circuit 
should  resonate  with  from  12  PF  to  1$  PF  for  designs  at  200  MC  and  prorated  for  lower 
frequencies.  The  final  oscillator  package  size  should  be  kept  in  mind  during  the  con^ 
struction  of  this  coil,  since  it  can  be  used  In  the  final  desip,  and  the  coil  loss  in  the 
oscillator  circuit  will  then  be  similar  to  that  of  the  measurement  circuit.  The  aunplifier 
input  circuit  is  left  untuned,  with  possibly  an  inductor  in  the  input  biasing  circuit  to 
minimize  losses  in  parallel  with  the  active  device. 

The  circuit  layout  should  follow  pod  engineering  practice  as  to  lead  lengths^ 
decoupling  methods,  etc. ,  imd  should  allow  access  for  input  and  output  voltage  measur-^ 
ing  probes  and  for  the  RX  meter  connections.  With  the  objective  of  building  the  proto¬ 
type  oscillator  on  this  chassis,  provision  should  also  be  made  for  installing  the  addi¬ 
tional  circuitry  using  minimum  lead  lengths.  Figure  14  shows  tube  and 
transistor  oscillators  constructed  on  a  chassis  that  proved  adequate  for  this  purpose. 
Puring  this  measurement  phase  the  impedance  transforming  network,  crystal,  output 
limiter  diode,  and  cancellation  coil  are  not  included  in  the  circuit.  This  chassis 
is  desiped  to  be  installed  on  the  ground  terminal  post  of  the  RX  meter  with  the  "live" 
terminal  protruding  through  a  clearance  hole  in  the  chassis  into  a  position  inimediately 
adjacent  to  the  active  device  input  connection. 

Step  2 

Adjust  toe  RX  meter  to  the  frequency  of  interest,  and  measure  the  input 
impedance  of  the  voltmeters  that  will  be  used  for  measuring  input  and  output  AC  voltage. 
This  voltmeter  loading  should  be  applied  as  a  correction  when  calculating  power  pin 
from  toe  measure, d  results.  When  a  transistor  circuit  is  being  tested,  the  voltmeter 


used  for  input  voltage  measurement  should  have  the  sensitivity  neeessary  to  measure 
10  MV  with  reasonable  accuracy,  in  addition,  measure  the  actual  resistance  of  a 
number  of  resistors  for  use  in  loading  the  amplifier  output.  An  indication  of  the 
desired  range  of  actual  resistance  values  required  at  any  frequency  ctm  be  obtained 
from  the  experimental  evaluation  sheets  contained  in  this  report. 

Step  3 

Position  the  amplifier  on  the  fix  meter,  and  connect  the  "live "terminal 
of  the  RX  meter-  to  the  amplifier  input  via  a  capacitor  of  low  impedance.  Measurement 
is  again  recommended,  connect  a  load  resistor  of  200  ohms  or  1 K  across  the  amplifier 
ou^ut  for  a  transistor  or  tube  circuit,  respectively.  Set  the  ou^ut  signal  level  of  the 
bridge  to  be  compatible  with  the  linear  signal  handling  ability  of  the  active  device. 

Step  4 

Apply  power  to  the  active  device,  and  tune  the  amplifier  to  resonance. 

Null  the  bridge  and  note  the  iimui  and  output  voltage  and  the  parallel  input  inpedance 
components  indicated  by  the  bridge.  When  the  amplifier  employs  a  transistor  in  the 
p^ounded  base  configuration,  the  parallel  inductive  component  is  usually  too  small  to 
tune  directly  with  the  mtemal  tuning  capacitor,  and  the  addition  of  external  capacitanGe 
is  necessary  to  obtain  a  null. 

Because  of  the  small  range  of  capacitance  measuring  capabilities  of  the  RX 
meter,  it  is  necessary  to  calibrate  this  external  c^acitor  by  the  substitution  method . 

A  coil  is  Wound  to  tune  with  (he  bridge  capacitor  at  the  upper  end  of  its  range  (100  PF), 
the  capacitor  to  be  calibrated  is  then  placed  in  parallel  with  this  coil  across  the  bridge 
terminal,  and  the  RX  meter  is  again  nulled.  The  dihference  in  the  RX  meter  capacitor 
setting  when  measming  the  coil  alone  and  when  measuring  the  coil  and  external  c^acitor 
in  parallel  is  equal  to  the  external  capacitor  value.  Values  of  c^acitimce  iq>  to  120  PF 
can  be  calibrated  in  this  way. 

Step  5 

Repeat  Step  4  for  ascending  values  of  load  resistance  across  the  am^ 
plifier  output.  Ahnost  invariably,  as  the  process  of  increasing  the  load  resistor  value 
and  measuring  gain  and  iifout  impedance  proceeds,  the  resistive  component  of  toe 
active  device  input  inmedance  will  be  found  to  increase  hi  value.  Eventually,  if  toe 
load  resistor  value  is  increased  suMciently,  it  will  be  foimd  impossible  to  null  the 
bridge  or,  alternatively,  toe  null  will  occur  at  a  hi^  resistive  component  value.  This 
can  be  interpreted  as  conmlete  mstability  of  toe  test  circuit,  the  positive  feedback  pre* 
seot  in  the  amplffier  behig  sufficient  to  supply  virtually  all  the  requtoed  iimst  power, 
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Plot  graphs  of  power  gain  and  input  resistance  as  a  function  of  total  re^ 
sistance  .  fi^  consists  of  the  load  resistance^  die  voltage  measuring  probe  resist^ 
ance,  and  &e  effective  parallel  resistance  of  the  tuning  inductor. 

4.  S.  4  Design  Procedure 

From  the  background  data  asseraibled  in  the  preceding  sections  and  the  design 
evaluation  data  sheets^  it  is  now  possible  to  select  the  most  i^ortant  information  and 
relate  it  to  the  decisions  required  in  the  desi^  procedure  that  was  developed  in  the 
general  discussion,  Paragraph  4i  4. 

4. 5. 4.  i  Jtep_i.  Crystal  operatmg  Condition 

In  the  frequency  range  under  discussion,  only  resonance  or  series 
resonance  crystals  are  applicable. 

4. 5. 4. 2  step  2,  Selection  of  Crystal  Tj^e 

This  selection  has  to  be  from  those  available  and  is  based  on  the  fol^ 
lowing  two  requirements; 

(a)  Overall  oscillator  ffequeney  tolerance 

(b)  Frequency  of  oscillation 

Only  wide  operating  temperature  range  crystals  are  considered  here,  but  an 
indication  Of  the  performance  level  attainable  with  temperature  controlled  crystals  can 
be  obtained  from  the  discussiont 

With  reference  to  requff'ement  (a)  above,  oscillator  evaluations  at  these  ff’e^’ 
quencles  show  that  when  a  vacuum  tube  is  emiplpyed,  the  effect  of  the  oscillator  com^ 
ponents  other  than  the  crystal  on  the  frequency  stability  with  ten^erature  can  be  made 
less  &an  ±0, 0005  percent.  Adding  another  ±Q.  0005  percent  for  variations  between 
tubes  and  other  discrepancies  suggests  sm  overall  oscillator  frequency  tolerance 
iOv  001  percent  wider  toan  that  of  toe  crystal  alone.  Referring  to  Table  4,  and  using 
toe  values  quoted  in  toe  preceding  sentence,  this  suggests  that  in  the  range  of  10  MC 
to  17  MC  toe  best  attainable  overall  frequency  tolerance  will  be  ±0. 00$  percent.  From 
17  MC  to  62  MC,  the  minimum  will  be  ±0,  $00  percent  using  a  CR^77/y  crystal.  Above 
62  MC,  only  ±0. 005  percent  crystals  are  available,  and  toe  overall  csciUator  tolerance 
will  be  ifO.’OOO  percent. 


For  transistor  oscillatdrsj  the  InGrease  in  frequenGy  toleranee  with  tempera^ 
ture  above  that  of  the  Grystal  alone  was  ho  greater  than  ^0. 002  pef  Gent.  Adding  another 
iO.  001  perGent  for  vaftations  of  transistor  parameters^  ete. ,  suggests  that  an  overaU 
oSGillator  frequency  toleranGe  ^0. 003  pereent  wider  than  that  of  the  Grystal  alone  is 
possible. 

It  should  be  noted  that  no  attempts  were  made  to  GOrrect  the  added  frequenGy 
toleranGe  with  temperature  introduced  by  the  active  device.  In  the  case  of  the  tube 
oscillator,  there  spears  to  be  little  to  gain  by  doing  this,  in  view  of  die  limited  ef« 
feet.  However,  in  the  transistor  oscillator.  It  Should  be  possibie  to  at  least  halve 
the  tolerance  quoted. 

fable  6  shows  the  minimum  overall  oscillator  j^equency  tolerances  likely  to 
be  obtained  at  various  frequencies. 


table  6.  OSCILLATOR  FREQUENCY  TOLERANCE  (%) 


Frequency  (MC) . 

Tube  Oscillator 

Transistor  Oscillator 

10^17 

17^62 

ifeO.OOO 

IrO.OOS 

±0. 608 

±0^  005 

612»200 

±0.006 

±0. 008 

If,  in  a  particular  design,  closer  frequency  tolerances  than  these  are  reqaired, 
temperature  control  of  the  crystal  will  be  required.  In  eidreme  cases,  temperature 
control  of  the  entire  circuit  will  be  necessary. 

Referring  to  requirement  (b).  Table  4  lists  the  available  military  standard 
crystals.  The  contents  of  this  table  can  be  extended  by  noting  that  crystals  conforming 
to  the  CR-54A/U  or  CR’^^SSA/U  ^ecification  (with  the  exception  that  R^  £  J.00  omns) 
can  be  supplied  in  the  frequency  range  of  125  MC  to  200  MC. 

4. 5. 4. 3  Step  3.  Oscillator  Configuration 

The  grounded  grid  triode  and  the  grounded  base  transistor  active  device  cQn» 
figurations  were  the  only  ones  used  successfully  in  this  frequency  range.  Attempts  to 
design  oscillators  using  a  grounded  cathode  tetrode  md  a  grounded  emitter  transistor 
were  unsuccessful  at  200  MC  due  to  the  large  excess  phase  shift  occtu’rmg  in  the  am« 
plilier  circuits.  No  similar  designs  at  lower  frecpiencies  were  attempted.  However, 
based  on  the  results  obtained  at  200  MC,  neither  of  these  circuits  appears  practical 


51 


at  frequencies  abcve  iOO  MG ;  and  in  the  case  of  the  transistor,  a  more  likely  figure 
would  be  30  MG. 

Because  of  this  limited  experience  with  alternatives,  the  only  configuratlohs 
discussed  here  are  the  grounded  grid  trlode  and  the  grounded  base  transistor  circuits. 
The  relative  advantages  of  the  trlode  over  the  transistor  are: 

(a)  Better  osciliator  overall  frequency  stability  (see  discussion  of  Step  2 
of  the  Oesip  procedure,  Paragraph  4. 5. 4. 2). 

(b)  Possible  lower  cost  when  high-temperature  operation  is  required; 
that  is,  when  only  silicon  transistors  can  be  contemplated.  This  is 
particularly  true  v4en  the  frequency  of  operation  is  higher  than  120  MG. 

The  advantages  of  the  transistor  over  the  trlode  are; 

(a)  Gonslderably  higher  power  ouq>ut  at  all  frequencies 

(b)  Reduced  power  dissipation 

(c)  Decreased  circuit  complexity 

(d)  Less  diffieultto  desip  (partiaiiarly  for  f  >  lOO  MG ) 

(e)  Smaller  oscillator  package  size 

These  relative  comments  show  that  the  transistor  is  superior  to  the  tripde  in 
every  respect,  other  than  oscillator  overall  frequency  tolerance  and,  to  a  lesser  ex¬ 
tent,  cost.  The  use  Of  a  transistor  is  recominended  in  all  osciliator  designs  for 
which  their  frequency  tolerance  degradation  is  acceptable. 

4. 5.  4. 4  Step  4,  Desired  Active  Device  Characteristics 

Several  of  the  desired  active  device  characteristics  are  independent  of  fre¬ 
quency  and  crystal  parameters.  These  are; 

(a)  High  stable  gain.  This  is  desirable  independent  of  power  output  re¬ 
quirements,  since  if  the  power  output  requirement  is  moderate,  the 
gain  (in  excess  of  that  necessary  for  oscillation  with  the  specified 
load)  can  be  employed  in  reducing  the  efrects  of  the  circuit  on  the 
frequency  of  oscillation  and  the  frequency  stability.  The  gain  varia¬ 
tions  with  temperature  and  between  units  should  be  small. 


(b)  Low  effeotive  parallel  reactance  relative  to  the  resistance  levels  at  both 
input  and  output.  This  helps  in  the  design  of  impedance  transforming 
networks^  higher  efficiencies  being  possible  when  external  circuit 
reactance  does  not  limit  the  desip  < 

(c)  The  phase  shift  between  iimut  and  output  under  tuned  conditions  should 
not  exceed  ^lo  degrees.  This  follows  from  the  fact  that^  if  the  phase 
shift  is  smallj  the  variations  between  units  will  be  smalli  AlsOj  phase 
shifts  of  this  mapitude  cm  be  corrected  easily,  using  networks  with 
stable  phase  Mgle  characteristics;  while  the  introduction  of  larger 
phase  shift  correction  is  obtained  only  at  the  eimense  of  increased 
phase  sensitivity  to  component  value  changes.  An  example  of  this 

is  the  simple  CR  phase^lead  network  which  has  a  phase  curve  as  shown 
in  Figure  18.  This  curve  shows  that  uhen  operating  at  the  frequency 

where  ^  =  5,  the  vMiation  in  phase  angle  of  the  GR  network  re^ 

CR 

Suiting  ffom  the  use  of  con^onents  with  a  ±10  percent  tolerMce  will 
not  exceed  ±2  depees.  if  the  working  point  is  moved  to  ^ l  in 

OR 

order  to  obtain  increased  phase  shift,  the  possible  variation  in  phase 
shift  using  ±10  percent  tolerance  components  will  be  Emp^o’dmately 
±6  degrees. 
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other  desirable  GharacteristiGS  of  the  active  device  are: 


(a) 

(b) 


4.  5.  4,  5 

avaiiablej  the 
(a) 


An  i^ut  resistance  approximately  equal  to  the  crystal  resonance 
resistance  (or  series  resistance)^  since  this  will  obviate  the  need 
for  an  inapedance  transforining  network. 

A  low  output  resistance  compared  to  the  effective  load  resistance 
due  to  the  inapedance  transformer  losses.  This  Characteristic  is 
frequency  dependent;  the  higher  the  frequency  of  operation,  ibe 
lower  the  desirable  output  resistance. 

Step  5j  Selection  of  Active  Device 

Bearing  in  mind  the  characteristics  of  die  triodes  and  transistors 
following  recommendations  are  made. 

Triodes  for  Operation  Below  Ido  MC 


u  >  40 


<  ioK 


<  4PF 


(b)  Triodes  for  Operation  Above  100  MO 


D  ^  40 

Rp  1  6K 
Cgjj  S  2PF 

The  characteristics  quoted  for  operation  above  100  MC  are  equally  applicable 
for  operation  below  100  MC;  however,  the  requirements  are  less  stringent  at  Ae  lower 
frequencies. 

Odier  physical  features  that  point  to  good  hig^  frequency  characteristics  are; 

(c)  Small  electrode  structure  mounted  close  to  the  tube  piim  ,  resulting  in 
minimum  lead  inductance 


(d)  Mult4>ls  grid  connections 


Seveifai  commercial  tubes  having  excellent  characteristics  are  available  in 
miniature  tube  type  envelopes.  However^  there  do  not  appear  to  be  any  military  type 
equivalents,  possibly  because  the  close  electrode  spacing  and  lack  of  rigidity  are  in-^ 
compatible  with  military  environmental  stress  levels. 

There  are  also  several  coaxial  triodes  available  that  are  desipied  with  high 
stress  levels  in  mind.  These  have  performance  characteristics  superior  to  the  com* 
mercial  tubes  mentioned  in  the  preceding  paragraph  in  that  the  lead  inductance  is 
further  reduced  and  the  grid  forms  a  true  screen  between  plate  mid  cathode^  However^ 
these  tubes  are  quite  ei^ensive  and  would  not  normally  be  considered  for  this  applica* 
tion. 

The  nuvistor  triode  type  8058,  which  was  used  successfully  at  frequencies  up 
to  200  MC,  represents  a  compromise  both  in  cost  and  performance  between  die  coaxial 
triodes  and  the  commercial  tubes,  having  less  isolation  between  input  and  output  than 
the  former  and  greater  rigidity  than  the  latter^ 

(6)  Transistors 

^max  ^  ^  times  the  operating  frequency 
f|>  I  2  times  the  operating  frequency 
Oob  <  5PF 

It  is  also  desirable  that  the  transistor  power  dissipation  rating  should  not  be 
excessively  large  when  compared  with  the  required  oscillator  power  output.  High 
power  disshiation  transistors  tend  to  have  more  internal  feedback  because  of  the 
larger  junction  areas. 

4. 5. 4. 6  step  6,  Petermination  of  Active  Device  Characteristics 

Using  the  data  sheet  information  relating  die  active  device  ^aracteris^ 
tics  to  the  bias  conditions,  desipi  a  suitable  biasing  network  for  the  active  device. 
Incorporate  this  into  a  single  tuned  ampliHer  design  as  discussed  in  Paragraph  4. 5. 3. 4; 
and,  using  the  methods  discussed  there,  determine  the  power  gain  and  input  resist« 
ance  as  a  function  of  load  resistance. 

4. 5. 4. 7  Step  7,  Calculation  of  Oscillator  Component  Values 

Select  an  operathig  point  from  the  power  gain  and  input  resistance  « 
versus  Rj  curves  obtained  in  Step  6,  by  specifying  a  value  of  R^  .  The  bases  for 
selecthig  a  value  of  Rf^  are; 
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(a)  The  behavior  of  the  eurve.  Almost  invariabiyj  inGreases 

dRY 

rapidly  with  increasing  values  of  R.j.  ^  indicating  the  tendency  of  the 
amplifier  to  oscillation  for  large  R^  values.  The  operating  point  must 
therefore  be  selected  for  a  value  of  R^  that  adequately  suppresses  this 

effect.  An  empirical  rule  developed  from  the  e^eriencc  of  the  desi^ 
evaluation  is  that  the  working  value  of  R|q  should  not  exceed  twice  the 
value  that  Rjg  approaches  as  R>p  is  decreased  to  a  low  value. 

A  useful  check  on  the  adequacy  of  the  chosen  working  point  is  obtained 
when  the  oscillator  is  operated;  as  the  oscillator  output  tuning  is  varied^ 
the  oscillator  output  volts^e  will  fall  to  zero  on  either  side  of  the  optimum 
tuning  point.  If  this  tuning  charaGteristic  e>diibits  a  hysteresis  effect; 
that  iSj  the  oscillator  output  voltage  does  not  vary  smoothly  when  tuned 
through  the  operating  range^  but  instead  has  a  jerky  action,  it  is  a  sure 
indication  that  the  selected  value  of  R.|<  is  too  high  and  should  be  reduced. 

(b)  The  ratio  of  load  resistance  R^  to  the  effective  tuned  circuit  losses  Rq 

in  parallel  with  Rj^  .  Rj  is  comprised  of  Rj^  and  Rq  ,  and  the  true  power 
gain  is  determined  by  the  power  into  R|^  alone.  If  this  is  taken  into  ac« 

acQunt,  the  maximum  true  power  gain  may  be  obtained  at  a  lower  value 
of  Rj  than  that  stipulated  in  item  (a). 

In  transistor  amplifiers  this  effect  seldom  requires  consideration,  since 
Rl  ie  generally  considerably  smaller  than  Rr  ;  but  in  triode  amplifiers, 
where  the  output  impedance  level  is  higher,  this,  eRect  should  be  cou'^ 
sidered. 

When  these  conditions.  Items  (a)  and  (b),  are  satisfied,  the  usable  power 
gain  for  a  tube  will  be  in  the  region  of  ^  to  U,  and  for  a  transistor  somewhere  between 
200  to  300,  Knowing:  ^ 

(e)  The  active  d^ice  power  gain,  0_  / 

P  (  for  a  particular  value  of 

(d)  The  active  device  input  resistance,  R|n  \  R'^f 

(e)  The  crystal  series  or  resonance  resistance,  R|or  Rf 

The  following  values  can  be  calculated  using  Equations  (2^  to  (30)  of  paragraph  4, 2, 2: 

(Q  The  feedback  efficiency,  E 
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(g)  The  load  fesistaMe,  Rj^ 


(h) 


4. 5. 4. 8 


The  effective  load  in  parallel  with  Rl  due  to  the  feedback  network, 
^FB 


s  or  — ^ - 

^in  +  Rin  Rr 


(72) 


G'n-  •  E 
P  P 


Rl= 


-,-i  —  ia_ 

g'  =1  ‘  "t 


Rfb" 


•  % 


(73) 

(74) 


(75) 


As  a  safety  factor,  it  Is  recommended  that  the  value  of  O'p ,  used  in 
determining  Rj^  and  Rpg  ,  should  be  one‘^hal|  to  one-third  of  the  value 
obtained  from  Equation  (73), 

Step  8,  Design  of  impedance  Transforming  Network 


The  itnpedance  to  be  transformed  is  R^^^  +  R^  ,  and  the  transformed 
value  should  be  RpQ.  The  required  transformation  ratio  is  therefore: 


Rfb  Rrb 

Rin  Rl  Rin  +  Rr 


(76) 


Knowing  Tj-  and  the  impedance  levels  involved,  a  suitable  impedance  transforming  net¬ 
work  can  be.desiped  from  the  formulae  to  Paragraph  4. 7.  In  designing  this  network, 
the  reactive  component  of  the  active  device  cutout  infoedance  must  ho  taken  into  ac¬ 
count, 

4, 5, 4, 9  Stop  9,  E^erimental  Adjustoaento 


Convert  the  amplifier  circuit  into  an  oscillator  by  adding  toe  impedance 
transforming  network  and  the  crystal.  Tune  the  oscillator  for  maximum  cutout  voltage. 
Monitor  toe  output  frequency  and  determine  toe  mis-correlation  between  toe  actual 
firequency  mid  toe  crystal  fj,  or  fg  ,  depemling  on  which  applies.  If  the  actual  fre¬ 
quency  is  above  toe  crystal  frequency,  toe  crystal  has  to  fotroduce  a  phase  lead  to 
offset  a  phase  lag  in  toe  remaimier  of  the  oscillator  circuit,  or  vice-versa.  This  mis^ 
correlation  can  be  corrected  by  introducing  a  small  additional  phase  shift  into  the 
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itnpedance  tfansfofniing  network  as  indicated  in  Paragraph  4.  7.  However,  before  ap“ 
aplying  this  Gorrection  it  is  useM  to  determine  the  loop  gain  in  the  circuity  by  reducing 
the  loop  gain  until  osGillation  is  just  maintained.  A  practical  method  is  to  increase  the 
transformation  ratio  of  the  impedance  transforming  network.  The  operating  transfor*^ 
matton  ratio  should  then  be  one^half  to  oae-^thlrd  of  that  obtained  from  this  test,  and 
will  allow  for  variations  in  the  active  device  and  other  component  characteristics,  it 
will  also  reduce  the  power  output  variations  under  conditions  of  changing  load,  power 
supply  voltage,  and  temperature. 

In  the  event  that  a  Crystal  impedance  (Cl)  meter  is  unavailable  and  consequent^ 
ly  Rj.  or  Rj^  cannot  be  determined  by  these  means,  an  indication  of  the  frequency  cor-* 
relation  can  be  obtained  by  substituting  a  resistor  (equal  to  Rp  )  1®*“  the  crystal 
and  noting  the  frequency  of  oscillation.  For  good  correlation,  the  frequency  of  os= 
Cillation  With  the  resistor  substituted  for  the  crystal  should  be  close  to  that  obtained 
with  the  crystal  in  circuit.  This  implies  that  the  substitution  resistor  should  not  be 
reactive,  and  it  is  suggested  that  this  be  confirmed  by  measurement  at  the  frequency 
of  interest.  If  Xqq  is  being  tuned  out,  it  will,  of  course,  be  necessary  to  remove  the 
tuning  coil  when  substituting  the  resistor  for  the  crystal. 

If  desired,  this  approach  can  be  elaborated  to  yield  the  approximate  value  of 
Rj.  Or  Rj  by  comparing  the  oscillator  output  voltage  for  the  two  conditions  of  test.  If 
the  output  voltages  are  approximately  equal,  the  value  of  Rr  or  Rj  is  approximately 
equal  to  the  substitution  resistor  value. 

The  crystal  power  dissipation  Should  also  be  determined.  This  can  be  easily 
done  at  osciUator  frequencies  up  to  hQ  MC  by  measuring  the  voltage  at  each  of  the 
crystal  terminals  and  calctHating  the  difference  voltage  V^,  An  approximate  value  of 
crystal  power  dissipation  Pg  is: 


Vd^ 

W 


The  V  T  V  M  probe  capacity  and  resistance  should  be  negligible  m  comparison 
with  the  circuit  levels. 


At  higher  frequencies  this  requirement  becomes  increasingly  diffieult  to  meet, 
smce  the  probe  loading  affects  the  frequency  of  oscillatipn  and  the  oscillator  drive  con^ 
ditions  appreciably.  In  many  cases  oscillation  will  cease  when  the  probe  is  connected 
to  the  active  device  input  side  of  the  crystal.  Normally,  the  effect  of  probe  loading  is 
small  when  connected  to  the  feedback  side  of  the  crystal,  since  the  imped^ce  level 

fL  R 

mere  is  usually  low  (approximately  ).  Measuring  this  voltage, 

Ht  I'r 

and  knowing  R^g  and  Rj,  allows  an  approximate  determination  of  crystal  dissmation 
to  be  made, 
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It  is  important  that  the  crystal  dissipation  not  exceed  the  Crystal  ratings  In 
transistor  oscillators  operating  at  bias  levels  of  approximately  5  MA  to  12  MA  and 
10  V  to  15  V,  this  does  not  present  a  problem  because  of  the  high  power  gain  and  low 
power  handling  capability  of  the  transistor.  However,  in  tube  oscillators,  the  low 
power  gain  and  high  power  handling  capabilities  can  easily  cause  excessive  crystal 
dissipation. 

One  method  commonly  used  to  reduce  crystal  dissipation  consists  of  con¬ 
necting  a  parallel  CR  network  in  the  grid^to^ground  circuit  to  obtain  a  self-biasing 
action.  As  the  oscillation  builds  up,  the  grid  is  back-biased  due  to  grid  current, 
thereby  reducing  the  power  gain,  and  hence,  the  power  output.  A  second  method 
consists  of  reducing  the  1'*^  voltage,  thereby  limiting  the  possible  output  voltage 
swingi  Using  a  combination  of  these  methods,  it  is  possible  to  vary  the  crystal 
power  dissipation.  This  approach  has  several  disadvantages,  particularly  at  fre¬ 
quencies  above  100  MC.  These  are; 

(a)  The  power  gain  decreases  more  rapidly  than  the  output  power 
limiting  capability  of  the  tube. 

(b)  The  gain  and  power  output  of  the  tube  are  critically  dependent 
on  voltage  and  load  changes.  A  10-percent  change  in  B‘*' 
changes  power  output  approximately  SO-percent. 

(c)  The  active  device  ts  no  longer  operating  under  the  conditions 
established  by  the  design  procedure. 

Because  of  these  effects,  an  alternative  method  using  a  diode  to  limit 
the  plate  voltage  swing  is  recommended  for  this  purpose.  Figure  19  shows  the  limiter 
circuit.  The  diode  is  reverse  biased  by  the  volt^drop  across  resistor  R  due  to  the 
plate  current.  This  volt-drop  determines  the  output  voltage  level  at  which  limiting 
will  occur  and  can  be  varied  easily  by  adjusting  the  value  of  R,  This  method  com¬ 
pletely  divorces  the  power  limiting  action  from  the  loop  power  gain  characteristics, 
and  gives  a  considerable  improvement  in  oscillator  performance  over  that  obtainable  us 
ingtbe  other  methods.  In  addition  to  improving  the  output  power  stability  with  B+, 

R]^  and  temperahu'e  variations,  an  improvement  of  frequency  stability  with  tempera« 
ture  was  obtained.  Using  the  first  two  limithig  schemes,  the  typical  frequency 
stability  was  ±0. 004  percent,  while  the  diode  limiter  resulted  in  a  typical  frequency 
stability  of  0. 0025  percent. 

The  diode  requirements  are; 

(a)  Low  c^acitance  when  reverse«biased  (less  than  2  or  3  PF) 

(b)  SufricienUy  high  peak-inverse  voltage  rating 

(c)  High  rectification  efficiency  at  the  operating  frequency 


DIODE 


4.  6  Oscillatof  Design  at  Low  FrequMcies 

4i  6i  1  General 

Below  800  KCV  the  characteristics  of  the  various  oscillator  Componehts  are  well 
defined;  Component  characteristics  can  be  relied  on;  active  device  Characteristics  can  be 
calculated  from  data  sheet  information  with  reasonable  accuracy;  phase  shifts  can  be 
readily  controlled,*  etc.  However,  as  the  design  frequency  decreases,  the  oscillator 
complexity  tends  to  increase  and,  in  many  ways,  low-frequency  oscillator  design  be¬ 
comes  more  difficult  than  design  at  high  frequencies.  A  major  factor  in  the  increased 
complexity  is  the  characteristics  of  the  quartz  crystals  applicable  to  low-frequency  de¬ 
sign.  Another  factor  is  the  lack  of  variable  capacitors  and  inductors  of  reaspnable  physi¬ 
cal  size  with  sufficient  tunable  range. 

These  difficulties  are  not  insuperable,  and  if  oscillator  size  and  weight  are 
unimportant,  no  problem  exists.  If  these  factors  are  important,  it  is  necessary  to 
use  a  more  conmlex  oscillator  circuit. 

4. 6. 2  Crystal  Characteristics 

Table  7  shows  the  military  standard  crystal  types  applicable  below  800  KC.  More 
detailed  information  is  contained  in  Reference  5,  Paragraph  7.  o.  There  are  no  military 
specifications  at  this  time  for  crystals  operating  between  500  KC  and  800  KC  or  below 
16  KC.  However,  crystals  operating  down  to  800  CPS  can  be  obtained. 

Inspection  of  Table  7  shows  that  the  major  characteristics  of  the  military 
standard  crystals  are; 

(a)  A  poor  frequency  tolerance  relative  to  that  of  higher  frequency  crystals 

(b)  IfOw  allowable  power  dissipation  below  80  KC 

(c)  Large  resonant  resistance,  particularly  below  100  KC 
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Manufacturer's  data  for  erystals  operating  below  16  KC  continues  the  trends 
shown  in  Table  7  with  widening  frequency  tolerances,  increasing  resonant  reslstanGe, 
and  decreasing  power  dissipation.  Typical  values  are: 

(a)  Frequency  tolerance j  ±0.  615% 

(b)  MaximUM  dissipation,  16  UW 

(c)  Maximum  effective  resonant  resistance,  206  K 

(d)  Crystal  Q,  5666  to  50, 660 

Table  7  shows  that  an  abrupt  change  in  the  resonant  resistance  of  the  crystals 
Occurs  in  the  vicinity  of  96  KC  to  166  KC.  At  lower  frequencies,  the  large  value  of 
resonant  resistance  tends  to  prohibit  their  use  in  oscillators  of  the. Pierce  f^e.  There 
are  two  reasons  for  this: 

(a)  Low  series  arm  Q  when  operated  with  the  specified  load  capacitor  Cj^ 

(b)  The  large  value  of  effective  crystal  resistance,  r'^  ,  incompatible 
witii  circuit  levels  at  frequencies  where  reason  (a)  does  not  apply 

To  Illustrate  reason  (a),  a  CR*38A/U  crystal  of  86-KC  nominal  frequency  will , 
have  a  C^  of  approximately  5  PFi  Combining  this  with  a  =  26  PF  gives  a  C^  =  25  PF. 
Therefore,  at  86  KC<,  Xq'j>  @  86  K.  For  operation  in  Pierce  type  oscillators,  Xq-j  should 
be  greater  than  twice  smd  preferably  4  times  the  series  arm  resistance  Ri .  The  specific 
cation  sheet  shows  that  Rj,  may  be  as  high  as  166  K,  which  does  not  satisfy  the  require¬ 
ments.  Many  CR-^ShA/U  crystals  have  a  resonant  resistance  considerably  below  the 
maximum  permissible  value  and  cotdd  therefore  be  operated  satisfactorily  in  mis  circuit. 
However,  if  conditions  approaching  those  of  the  example  occur  with  the  highest  permis « 
sible  value  of  Rj. ,  oscillation  will  not  be  possible  with  all  crystals. 

To  illustrate  reason  (b),  a  CR'^SSA/U  crystal  of  16  KC  nominal  frequency  will 
have  a  Cp  o'f  approximately  7  PF.  Combining  this  with  a  Cl  «  20  PF  gives  a  C-p  =  27  PF, 
At  16  KC,  =  376  K.  R^  ,  the  Series  arm  resistance  will  be  Someuliat  smaller  than 
Rj.,  which  in  this  case  is  116  K  maximum.  The  minimum  series  arm  Q  is  therefore 
approximately  4.  Inserting  these  values  in  the  formula: 

R'a  ^  (1  +  Q^)Rl  (78) 

gives: 

R'a  «  1. 6  MEGO 

A  crystal  having  Rr  =  116  K  is  of  low  Q  relative  to  other  crystals  of  me  same  type  having 
lower  Rr  values.  Consequently,  the  crystal  loading  due  to  the  remainder  of  me  oscillator 
circuit  should  be  minimized  to  avoid  further  Q  degradation.  Combined  active  device  input 
and  driving  source  loading  of  at  least  5  MEGO  would  be  desirable.  ’  These  resistmtce 
levels  are  incompatible  wim  eimer  tubes  or  transistors,  and  although  impedance  trans« 
formers  could  possibly  remedy  this,  me  high  impedance  levels  make  mis  type  of  opera^ 
tion  undesirable. 
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For  these  reasons,  the  low^freqiienGy  crystals  designed  for  operation  at  paral¬ 
lel  resonance  in  conjunction  with  a  specified  load  capacitor  are  usually  operated  with  the 
loading  capacitor  in  series  with  the  crystal.  The  crystal  and  loading  capacitor  com- 
bination  behaves  like  a  resonant  circuit  in  the  vicinity  of  the  crystal  parallel  resonant 
frequency,  and  can  therefore  be  treated  in  the  saMe  manner  as  a  crystal  designed  for 
operation  at  resonance^  Some  advantage  is  gained  in  that^  if  thf'  loading  capacitor  is 
made  variable,  minor  oscillator  frequency  errors  can  be  corrected. 

At  frequencies  above  100  KC,  is  at  least  one  order  of  magnitude  smaller^ 
permitting  operation  in  Pierce  type  oscillators,  ^ile  the  value  of  R'^  will  still  be 
large,  the  series  arm  Q  will  also  be  greater,  permitting  heavier  loading  of  the  crystal 
by  the  external  circuiti 

The  crystals  designed  for  use  below  lO  KC  have  four  eleetrlcal  connections ^ 
These  can  be  paired  for  operation  as  a  conventional  two-terminal  crystal  or,  alter¬ 
natively,  the  crystal  can  be  used  as  a  two‘^terminal  pair  network,  when  coMected 
in  this  way,  the  crystal  operates  as  a  mechanical  bandpass  filter  wiUi  0  dep’ees  or 
180  degrees  phase  shift  between  input  and  output  at  mid-frequency;  the  phase  angle 
depending  on  the  circuit  connections  to  the  crystal.  It  will  be  shown  that  this  method 
of  operation  can  greatly  simplify  the  oscillator  circuits 

4. 3  Active  Device  Characteristics 

For  the  types  of  active  device  likely  to  be  used  m  oscillator  circuits  at  these 
frequencies,  the  characteristics  are  virtually  independent  of  frequency  from  DC  to  500 
KC.  Practically  all  transistors  of  milliwatt  power  rating  have  current  gain  cutoff  fre¬ 
quencies  higher  than  2  MC,  while  certain  audio  frequency  triodes  are  the  only  vacuum 
tubes  having  performance  limitations  below  500  KC. 

Power  gain  and  input  impedance  calculations  can,  therefore,  be  based  on  the 
low-frequency  active  device  parameters  normally  given  in  the  data  sheets.  The  ap¬ 
plicable  formulae  are  given  below. 

4. 6. 3, 1  Tubes 


(a)  Grovmded  Grid  Configuration 

The  power  gain  of  a  grounded  grid  amplifier  is: 

^  ^  (U  1)Rt 
P  Rt  +  ^ 


(79) 
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where 


y  s  tube  amplification  factor 


=  tube  plate  resiatance 


=  total  load  resistance  iii  the  plate  circuit 
The  maximum  power  gain  Gp  is  obtamed  when  R^^Rp  ^  giving: 

^p  max  ^  y  +  1 

The  input  resistance  (cathode  input)  is: 


^in  U  +  1 


The  output  resistance  Rq  is: 

R^  =  Hp  +  (U  +  1 )  Rq 


Where 


Rq  =  generator  source  resistance 
Grounded  Cathode  Configuration 
The  power  gain  expression  is: 

0 

P  +  R  )2 


where 


Rg  -  value  of  the  grid  leak  resistor 


The  maximum  power  gain  is  obtamed  when  R>j<  =  Rp  ,  giving: 


max 


Rw 


The  input  resistance  is: 


(86) 


(82) 


(83) 


‘in 


=  R 


g 
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The  output  resistance  Is; 

Ro  -  Rp 

The  forMulaej  as  given,  are  directly  appUcable  to  triode  amplifiers,  but  re^ 
quire  modification  when  used  for  pentode  or  tetrode  circuits  because  of  the  large  vaiues 
of  U  and  Rp  encountered  in  multigrid  tubes.  The  modified  formulae  are  as  follows: 

(c)  Grounded  Grid  Configuration 
®p  “  ®m  •  Rt 

where  gj^  is  the  mutual  conductance  of  the  tube  and  is  related  to  U  and  Rp  by  the  ex- 
pressloni 


U  "  %  ^  Sp 

«ln 

*»m 

Ro  ~  Rp 

(d)  Grounded  Cathode  Configuration 

^p  ^  ^m  •  Rf  •  Rg 
Rln  “  Rg 
Ro  *  Rp 


(88) 


(90) 

(91) 

(92) 

(93) 


The  introduction  of  an  unbypassed  cathode  resistor  Rj^  changes  the  poweF  gain 
formula  for  the  triode  to:  o 

.  R  .  R 
T  g 

^  1^%  +  Rp  +  7y  +  1 


and  for  a  midtigrid  tube  to: 


8 


m 


Rj  .  R 


Additional  information  is  contaUied  to  Reference  4,  Paragraph  7, 0, 
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4. 6. 3.  i.  i  Tj^iGal  Tube  Amplifier  derating  CharaGteristlGS 

The  typlGal  values  of  power  gain  Md  input  and  output  resistanGe  to  be  expeeted 


are: 


(b) 


(e) 


(d) 


Grounded  Grid  Triode 

G  ;  20  to  80 

p 

ISO  Ohms  to  2  K 
8  K  to  80  K 
Grounded  Grid  Pentode  or  Tetrode 
SO  to  250 
too  ohms  to  1  K 
200  K  to  2  MEGO 
Grounded  Cathode  Triode 

to,  000  to  100,  000 
^in’  ^  MEGO  (determined  by  permissible  Rg ) 

R^:  5  K  to  80  K 

Grounded  Cathode  Pentode  or  Tetrode 
Gp!  20, 000  to  200,  000 


Bo: 


to- 


Ro= 


up  to  2  MEGO 
too  K  to  2  MEGO 


4,  6,  3, 2  Transistors 


The  manufacturer's  data  sheets  most  frequently  quote  the  'h'  or  hybrid 
transistor  parameters.  These  are  defined  by  the  equations: 

'^In  *  ''l  •  *(#*•>,•  ’'o 


! 


I 

i 
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I 


(97) 


^6  ^  •  ^in  ^ 


where  (referring  to  Figure  20): 


h|  =  input  resistanGe  at  1;  1  with  2^  2  short- 
circuited 


>7M 


hf  ^  reverse  voltage  transfer  ratio  from  2, 2 
to  1  with  teriainals  1,  1  open^cirGuited 

h£  =  forward  current  transfer  ratio  from  1* 
to  2^  2  with  2j  2  short’-circuited 

t 


II 

ii^ut  resistance  at 
circuited 

2, 2  with  1, 1  open- 

j 

%  j 

TRANSISlbR 

h 

VlN  ^  N  t|N+ 
io  *h»IlN  +  hoVo 

Figure  20.  transistor  "Blaclc  Box" 


Figure  20  defines  the  cmrrent  and  voltage  relationships. 

Additional  subscripts  b,  e,  or  c  specify  whether  the  parameters  are  ttiose 
for  the  common  base,  common  emitter,  or  common  collector  configuration,  respec¬ 
tively.  For  the  purpose  of  design  calculation,  these  parameters  may  be  regarded  as 
purely  resistive  in  the  frequency  range  under  discussion,  the  base-emitter  and  base’’ 
Collector  capacitances  have  only  a  limited  effect  which  can  be  remedied  if  necessary 
diming  the  experimental  stage  of  the  oscillator  design. 

typical  values  of  these  parameters  in  the  grounded  base  configuration  are 
usually  quoted  hi  the  transistor  data  sheets,  these  values  are  normally  specified  at 
a  particular  value  of  DC  emitter  or  collector  current,  and  for  a  particular  value  of 
DC  voltage  between  collector-base  or  collector-emitter,  hi  addition,  graphs  are 
given  showing  the  change  of  the  parameter  values  with  emitter  or  collector  current, 
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cuileGtdf^base  Gr  GdlleGtdf^^emitter  voltage,  and  with  temperature.  By  using  these  graphs 
and  the  quoted  typinal  parameter  values,  it  is  possible  to  estimate  the  typiGal  parameter 
values  over  a  wide  range  of  Gurrent,  voltage,  and  temperature. 

The  data  sheets  also  usually  speGify  the  maximum  and  minimum  values  of  h|g  ,' 
the  common  emitter  current  gain,  and  frequently  include  this  and  the  term  (1  *  h|i} ) 
in  the  graphical  information.  For  a  given  transistor  type,  the  range  of  ^fe  between 
minimum  and  maximum  values  is  typically  3:1,  and  comparable  variations  of  hjij^  h^p, 
and  hgij  can  be  expected. 

4. 6. 3. 2. 1  power  Gain,  Input  and  Output  Resistance 
The 

transistor  in 


where 


formulae  for  power  gain,  input  resistance,  and  output  resistance  of  a 
terms  of  the  parameters  are: 


V  ‘  ^T 


(1 


+  hg  .  R,j, )  ^hj  +  (hj  •  hp  -  1^  ^  hj.)Ripj 


(98) 


»in 

Ro 


total  load  resistance 
h_  .  hf  *  Rt 

h  ^ 

^  1  +  hp  .  Rt 

h,  +  R 
»  G 

^1  •  **o  *^f  •  ^r  ^0  •  Rq 


where 


(99) 

(100) 


Rg  ~  driving  source  resistance 


4, 6. 3. 2. 2  Common  Base  to  Common  Emitter  'h'  Parameter  Conversions 


The  transistor  data  sheets  normally  give  the  common  base  parameters.  To 
convert  these  to  the  common  emitter  parameters,  the  following  formulae  are  used: 


’le 


1  +  A  b  +  hf|3 


*  +  hfo 


(101) 


Ab  »  l>rb _ 

I  +  Ab  +  hjj,  -  *»rb 


Ab  ^  l^rb 
I  +  hfb 


(102) 
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’fe 


+  Ab ) 


1  +  Ab  +  hflj  -  1  +  hflj 


*bb 


1  *  Ab  +  h 


» 


fb  “ 


®ob 


1  +  h, 


fb 


where 


Ab 


^ib  •  \h  ‘  ^rb  •  ^fb 


(103) 


(104) 


The  approximate  formiiiae  indicate  the  dependence  of  the  common  emitter  parameters 
on  the  term  (1  +  hj|,).  The  value  of  h^^  is  within  a  few  percent  of  ^1.  Consequently^ 
when  converting  the  parameters,  small  changes  in  the  assumed  value  can  radically 
affect  the  values  obtained.  Therefore,  the  power  gain  and  in^edance  level  calculations 
should  only  be  regarded  as  indicative  of  the  actual  performance  of  the  transistor,  and 
eiqperimental  checks  are  desirable. 

4. 2. 3  Typical  Transistor  Amplifier  Operating  Characteristics 

The  typical  operating  characteristics  of  small  signal  transistor  anmlifisrs 
suitable  for  low-frequency  oscillator  service  are: 


(a)  Common  Amplifier 


Gq  ^  tip  to  30  to  35  DiB,  depending  On  the  degree  of  input 
^  and  output  matching 

Hin  -  30  to  150  ohms,  depending  on  the  total  load  resistance 
^  =  100  K  to  2  MEGO,  depending  on  the  value  of  Rq 


(b)  Common  Emitter  Amplifier 

Gp  =  Up  to  45  pB,  depending  on  (he  degree  of  input  and  output 
matching 


Rin  ’  500  ohms  to  5  K,  depending  on  the  total  load  resistance 
Rp  ^  10  K  to  100  K,  depending  on  the  value  of  Rq 
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4.  S.  3.  2.  4  SimplifiGatidns  of  Gp,  and  R^  Fomulae 

Various  simpilflcations  of  these  formulae  can  he  made  under  certain  conditions,. 


If:- 


then 


Rip  << 


Gp  »  \ 


R. 


(106) 


(107) 


and 


»ln  «  ‘‘i 


(108) 


These  equations  are  usually  applicable  when  R^  <  60  K  for  common  base 
Operation  and  R^  i  s  K  for  common  emitter  operation.  Aiso^  if: 

RQ>>hj  (109) 

then 


Rp  «  -i-  (110) 

*^0 

Equation  (110)  is  usually  applicable  when  Rq  >  1  K  for  common  base  Operation  and 
>  IS  K  for  common  emitter  operation. 

4. 6. 4  Possible  Oscillator  Configurations 

Because  of  the  large  frequency  range  covered  here  and  the  drastic  change  in 
the  characteristics  of  quartz  crystals  m  the  vicinity  of  100  KC,  it  is  convenient  to  con« 
aider  the  possible  oscillator  configmrations  before  discussing  impedance  transforming 
networks.  It  is  also  convenient  to  consider  the  oscillator  configurations  in  two  parts, 
referring  to  oscillators  below  and  above  100  KC, 

4, 6. 4. 1  Oscillator  Configurations  Below  100  KC 

The  major  factors  influencing  the  possible  oscillator  configurations  are; 

(a)  The  high  resonance  resistance  of  the  crystal 

(b)  The  large  size  of  variable  capacitors  and  inductors  suitable  for 
use  as  tuning  elements 


1 

I 

I 

] 

I 

I 

i 

.4. 

] 

] 

j 

1 
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Item  (b)  does  not  GOnstltute  a  probiem,  provided  the  oscillator  size  is  of  little 
consequence.  Under  these  circumstances,  the  series  configuration  discussed  in  para^ 
graph  4. 5  can  be  employed,  with  suitable  modifications  to  account  for  the  large  value  of  Rj.. 

If  the  oscillator  package  Size  must  be  small,  it  will  be  necessary  to  consider 
other  circuit  configurations,  fhe  following  dmcussion  is  intended  to  show  udiich  con*^ 
figurations  can  be  profitably  employed. 

4. 6. 4. 1. 1  Single-Stage  Untuned  OsciMtor s 

The  factors  that  will  determine  the  practicality  of  this  configuration  are; 

(a)  Oscillator  Load.  The  following  stages  will  normally  be  an  amplifier 
or  mixer.  For  a  tube,  the  typical  load  resistance  will,  therefore,  be 
in  the  region  of  1  MEGO  for  an  amplifier  and  somewhere  between  i  K 
and  50  K  for  a  mixer,  depending  on  the  circuit  operation.  In  the  first 
case,  the  load  power  will  be  on  the  order  of  1  UW;  in  the  second,  the 
load  power  requirements  will  normally  be  in  the  1  MW  to  20  MW 
region.  For  a  transistor  the  typical  load  resistance  will  be  between 

1  K  and  3  K  for  an  an^lifier,  and  between  50  ohms  and  3  K  for  a  mixer 
or  power  amplifier.  The  input  power  requirements  will  range  brom 
microwatts  for  a  linear  power  amplifier  to  a  few  milliwatts  for  a 
mixer  Or  power  anaplifier. 

(b)  Expected  available  power  gain  0^  .  For  a  tube  in  grounded  grid  con^ 
nection,  a  realistic  value  of  Gp  -  will  be  between  30  and  400  (the 
lower  value  refers  to  triodes,  the  higher  value  to  pentodes  or  tetrodes), 

For  a  tube  in  grounded  cathode  collection,  Gp  will  be  in  the  region  Of 
1000  to  100, 000,  depending  on  the  grid  leak  resistor  value  employed. 

For  a  transistor  in  grounded  base  connection,  Gp  will  be  between  100 
and  1000,  and  in  the  grounded  emitter  connection  between  5000  and 

20, 000. 

(c)  Active  device  input  resistance.  For  a  tube  in  grounded  grid  connection, 
the  input  resistance  will  be  between  100  ohms  and  2  K.  In  the  grounded 
cathode  connection,  the  hmut  resistance  will  be  any  value  to  1  MEGQ. 

For  a  transistor  in  grounded  base  connectioh,  the  input  resistance  will 
be  between  30  ohms  and  200  ohms;  in  grounded  emitter  connection, 
between  500  ohms  and  5  K. 

Active  device  loading  requirements  for  high  power  gain.  For  a  tube  in 
either  coiuiection,  the  desirable  load  will  be  m  the  range  of  20  K  to  200 
K.  For  a  transistor  in  grounded  base  connection,  loads  of  100  K  or 
greater  are  desirable.  In  the  px>unded  emitter  connection,  loads  of  10 
K  to  50  K  are  desirable. 


71 


(e)  Crystal  charaeteristics  (CR"-50A/lJ).  The  maximum  resonant  reSistanGe 
is  100  K  with  a  possible  minimum  of  10  K.  Q  degradation  GOnsiderations 
suggest  that  a  total  terminating  resistance  in  the  region  Of  35  K  or  less 
will  be  desirable,  giving  a  feedbaek  effiGiency  E  of  6. 26  for  an  upper 
limit  crystal. 

4. 6. 1. 2  Grounded  Grid  or  Grounded  Base  Connections 

Consideration  of  the  data  of  Items  (c)  and  (e),  Paragraph  4.  6.  4. 1. 1,  shows 
that  impedance  transformation  Will  be  required  between  the  crystal  and  the  active  device 
input  if  the  feedback  efficienGy  is  to  approach  0. 26.  Furthermore,  this  order  of 
efficienGy  will  be  required  if  reasonable  power  output  is  to  be  obtained  because  of 
the  low  available  gain  in  these  connections. 

Consideration  of  Items  (a)  and  (d)  shows  that,  with  one  exception  (the  load 
bemg  a  vacuum  tube  amplifier,  =  i  MEGO  ),  In^edance  transforming  will  be 
required  between  the  active  device  and  the  load. 

These  considerations  show  that  at  least  two  impedance  matching  devices 
will  be  required  because  of  the  low  gain  available.  Impedance  transformation  at 
these  frequencies  requires  inductive  transformers,  and  this  suggests  the  possibility 
of  phase  inversion.  Clearly,  if  a  transformer  has  to  be  employed,  its  phase  invert'^ 
ing  property  can  be  used  to  take  advantage  of  the  higher  available  power  gain  of  the 
grounded  cathode  or  grounded  emitter  connections. 

This  leaves  only  one  case  worthy  of  further  consideration;  that  is,  a  grounded 
grid  oscillator  feeding  a  grounded  cathode  amplifier.  Figure  21  shows  a  schematic  of 
such  an  oscillator. 


Figure  21.  Low  Frequency  Grounded  Grid  Oscillator 
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Using  the  following  characteHstics  of  the  i2AX7: 
U  =  100 
Rp  =  80  K 
and  Rj.  =  iOOK, 

the  following  can  be  calGulatedt 


Load  resistance  =  70  K 
100  x_70 


K,  1  MEGO,  ar>l  100  K  in  parallel) 


Hn 


i  = 


ISO 

150  X  10* 
100 

i»5  X  iq3 


=  47 


102  X 


=  l.SK 

»  0.015 


X  G  =  0.7 
P 


Thus,  the  loop  gain  is  less  than  one,  and  oscillation  will  not  occur  using  a  crystal  with 
Rji  ■^>  100  K.  With  a  pentode  or  tetrode  having  a  gj^  of  5O00  UA/ V,  a  power  gain  of 
350  would  be  obtained;  however,  R{|,  would  ^  200  ohms,  giving  E  «  0. 002  or 
again  E  X  Gp  =  0.7. 

This  shows  that  single-stage  untuned  oscillators  without  matching  transformers 
are  not  practical,  and  from  the  previous  discussion  there  appears  to  be  no  point  in 
using  grounded  grid  or  grounded  base  connections  with  a  matching  transformer.  The 
use  of  a  transformer  alone  does  not  void  the  initial  discussion  of  this  section  concerning 
circuit  bulk,  since  large  values  of  inductance  can  be  packed  into  relatively  small  vol¬ 
ume.  For  example,  10  H  in  1  to  2  cubic  inches  is  possible. 


4. 6. 4. 1, 3  Grounded  Cathode  or  Grounded  Emitter  Connections 


Tuned  output  oscillators  and  oscillators  employing  an  untuned  matching  trans^ 
former  in  the  output  circuit  can  be  considered  together  because  of  their  similarity  of 
operation.  The  following  discussion  is  given  in  terms  of  the  tuned  output  oscillators, 
but  is  also  applicable  to  the  untmied  case,  provided  the  transformer  inductance  does  not 
introduce  excessive  phase  shift  in  the  loop.  In  the  untuned  case,  it  may  also  be  neces¬ 
sary  to  use  a  frequency  selective  network  to  prevent  possible  oscillation  at  higher  fre« 
quencies. 


4. 6i  4,  h  4  Trlode  Oscillator 

The  circuit  to  be  analyzed  is  shown  in  Figure  22.  Assuming  that  the  total  load 
Rt  is  matched  to  the  tube  output  resistance,  the  applicable  power  gain  formula  it: 


'p  max 


1j2r 


(111) 


Because  Hg  will  be  one  of  the  crystal  terminating  resistors,  its  value  should  be  lets 
than  30  K  and  preferably  no  more  than  20  K. 

Fixing  the  value  of  Rg  determines  the  type  of  tube  which  will  give  the  greatest 
gain.  The  desirable  characteristics  are  an  Rp  <  lo  K  and  a  U  as  large  as  possible. 
Table  8  presents  examples  of  such  tubes. 


TABLE  8,  TWIN  TRIODE  CHARACTERISTiOS 


Twin  Triode 

Rp(K) 

gjp  (UA/V) 

y 

6201  I 

10 

5500 

60 

6414 

9 

5000 

45 

6829 

7 

6500 

47 

The  feedback  efficiehry,  E  =  26_K  „ 

120  K 


^  1 


e  (Rg  20K) 


(112) 


Thefefofe 


U%, 


p  max  4  R 


P  H^_ 


r  -  I 

^  p  max 


R  w  R 
P  P 


®FS  “  ®  P  max  * 


The  Tfansfor mation  Ratio,  T^  = 


R 


FB 


Rg  *  Rf  max 


U% 


g 


(114) 


16  3 


(116) 


Substituting  in  these  equations  the  values  U  =  45,  Rp  =  9  K,  and  Rg  =  26  K 
Rl  ^  9K 
®p  max  ’ 


ifB 


=  1696  K 


Tj.  «  14 


The  output  circuit  appears  to  the  crystal  as: 


9  X  10 


3 


2  X  14 


=  326  ohms 


The  values  of  the  maximum  permissible  output  voltage  and  power  can  be  ob’’ 
tained  by  considering  the  feedback  circuit  when  Rj.  =  26  K  (see  Paragraph  4. 2.  i.  4), 
Since  Ry  and  Rjn  are  in  series,  their  power  dissipations  are  equal.  Therefore,  the 
total  feedback  power  before  crystal  overdrive  is: 

^^cmax  -  0^2  MW  (CR-66A/U)  (117) 

R|,g  is  now  changed  to: 

Rrb  ”  ^®r  *  Rin )  ^  R  (118) 
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This  is  the  load  that  the  feedback  network  presents  to  the  tube  output  and  which  appears 
effectively  in  parallel  with  .  Therefore,  the  power  into  Rl 

Ri 


pl  - 


Rl 


^  2Rcinax"  ^2.  ^  MW 


The  Output  voltage  is  approxinaately  16  VRMSi 

The  power  output  calculation  is  based  on  the  assuniption  that  perfect  limiting 
occurs  in  the  tube  output  circuit.  This  is  not  justifiable  in  practice,  and  the  power  output 
would  have  to  be  decreased.  This  calculation  is  also  based  on  a  loop  gain  of  1;  a  more 
realistic  loop  gain  of  2  would  reduce  the  permissible  output  power  to  below  6  MW. 


4.  6.  4. 1.  5 


Transistor  oscillator 


The  circuit  to  be  analyzed  is  shown  in  Fi^e  23.  For  the  2N336  transistor,  the 
following  parameters  are  ^oted  at  me  current  and  voltage  levels  assigned: 


I*  *  I  MA  i  v„ 


STM 


Figure  23.  Grounded  Emitted  Twed  Oscillator 


^6, 


feib 

=  55  ohms 

hpb 

^  0,25  X 

10 

brb 

=  700  X 

10 

hfb 

-  »0.99 
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Convorsioii  k)  the  comtiion  eitoittef  parameters  gives; 


hie 

5.  3  X  1©  ohms 

hoe 

0.  23  X  10^4 

•’re 

7  X  10“'* 

•’fe 

99 

Substituting  these  values  in  Equations  (98)  and  (99)  with  R.|i  10  K  gives: 

Gp  ^  12,700 

RiH  5K 

With  the  biasing  network  shown,  the  vaiue  of  Rjn  is  shunted  by  Rgj  and  Rgg  in  parallel, 


and  with  the  values  shown, 

this  reduces  Rjj,  to  3.  5  K  and  Gp  to  8700. 

G  f,  0  . 

p  p 

294  (R_  100  K) 

r::  H  r: 

^'in  r 

1 

(120) 

G 

-P  R.,-  Rf,,  :  m  ir 

9i\ 

Rl 

Gp 

.  R.J;  2.9  MEGO 

(122) 

Transformation  Ratio,  Tj. 

.  .  .M-  ,  28 

R{«  ‘  R^ 

(123) 

giving  a  transfornier  turns  ratio  of  5,  3  if  unity  coupling  is  assumed; 

The  values  of  the  maximum  permissible  output  voltage  and  power  can  be  obi^ 
tained  by  considering  the  feedback  circuit  when  Rr  lOK,  the  assumed  minimum  value. 

Then: 


E 


in 


R:_  +  R» 


0,26 


in 
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Therefore, 

max 

1  =•  E 

0.14  MW 

(125) 

R  _  _ 

FI  =  Tf  (Rjjj  4  R, 

, )  =  380  K 

(126) 

Pl  »  .  p 

pg  =  S.  3  MW 

.  (127) 

This  gives  aH 

1  output  voltage  of  approximately  7  VRMS.  Th 

is  is  a  larger  power  output 

thM  the  transistor  is  capable  of  giving  under  the  assumed  bias  conditions,  and  there 
is  no  danger  of  crystal  overdrive.  A  larger  power  output  could  be  obtained  by  re^ 
designing  the  oscillator  at  a  higher  transistor  dissipation  level.  No  transformer 
losses  are  accounted  for,  and,  therefore,  the  effective  load  would  actually  be  some^ 
what  lower  than  10  K.  Also,  the  calculation  is  based  on  a  loop  gain  of  1;  a  more 
realistic  output  power  based  on  a  loop  gain  of  2  would  give  a  power  output  of  2. 5  MW. 

The  impedance  level  seen  by  the  crystal  at  the  secondary  terminals  of  the 
feedback  transformer  is  approximately: 

1ft  - 

=  360  ohms  (128) 


The  crystal,  therefore,  sees  a  total  terminating  resistance  of  approximately  3, 9  K. 

These  two  examples  show  that  single-stage  oscillators  employing  only  one 
impedance  transforming  network  are  feasible.  The  power  output  capability  of  the  tube 
oscillator  is  twice  that  of  the  transistor  oscillator.  However,  it  would  be  diHicuU  to 
limit  the  output  voltage  swing  to  the  level  indicated.  This  problem  will  not  be  as  severe 
In  the  transistor  oscillator  because  of  the  limited  output  voltage  swing, 

4. 6. 4. 1. 6  Single-Stage  Oscillator  ysing  the  Crystai  to  Give  Phase  Inversion 

As  stated  in  Paragraph  4. 6. 2,  the  crystals  used  below  16  KC  can  be  obtained 
with  the  four  electrical  connections  to  the  crystal  brought  out  indiviriualiy  from  the 
holder,  By  connecting  the  crystal  as  a  two-terminal  pair  network,  a  phase  inverting 
bandpass  filter  centered  at  the  crystal  resonance  frequency  is  formed  (see  Reference 
3,  Paragr^h  7. 0). 

Only  preliminary  work  has  been  performed  using  the  crystal  as  described 
above,  and  the  data  gathered  is  insufficient  to  form  the  basis  of  a  design  procedure. 
Only  one  design  evaluation  was  performed,  but  the  results  obtained  were  so  promising 
that  this  circuit  warrants  serious  consideration  for  oscillator  design  at  very  low 


frequencies . 

The  evaluation  of  this  dsctUator  is  contained  in  the  Design  Data  Sheets  along 
with  the  design  approach  USedi 

4. 6. 4. 1. 7  Two^tage  Untuned  Oscillators 

_  _  4  _  . 

The  impedance  transforming  network  of  the  single-stage  oscillator  can  be  re¬ 
placed  by  an  additional  active  device^  enchancing  the  power  gainj  thereby  making  im¬ 
pedance  matching  less  critical  There  are  nine  possibie  cascaded  combinations  of  two 
tubes  or  transistors,  ail  of  which  will  increase  the  overall  gain  and,  in  some  cases, 
give  a  degree  of  impedance  matching  between  die  crystal  and  the  active  device.  However, 
when  considered  relative  to  the  crystal  resonance  resistance,  its  desirable  terminating 
resistance  ‘level,  and  the  zero  phase  inversion  requirement,  the  cascaded  grounded 
cathode  and  grounded  emitter  configurations  have  the  most  desirable  characteristics. 

In  this  configuration,  (he  power  gain  of  cascaded  triodes  with  an  input  grid 
resistor,  Rg  =  20  K,  is  of  the  order  of  lO^  to  10^  .  .  The  power  gain  of  two  cascaded 
grounded  emitter  transistors  is  also  of  the  order  of' 10^  to  lO^  .  For  the  maximum 
power  output,  the  crystal  should  be  placed  at  the  lowest  power  point  of  the  amplifier; 
that  is,  the  configuration  of  Figure  24,  which  gives  the  highest  power  output  relative 
to  crystal  dissipation. 


Figure  24.  Cr^tal  Position  in  Two  Stage  OscillatOF 


Because  of  die  increased  available  power  gain  when  using  cascaded  stages, 
the  impedance  traraformer  cim  be  in  tiie  form  of  a  resistive  divider  network,  the 
values  of  die  network  are  arranged  to  terminate  the  crystal  correctly,  while  giving 
sufficient  loop  gain  for  oscillation.  However,  in  many  cases,  a  simple  divider  net¬ 
work  is  inadequate  because  of  its  lack  of  selectivity.  Oscillation  is  likely  to  occiur 
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either  in  an  overtone  mode  of  the  crystal  or  due  to  positive  feedback  through  Gq.  The 
necessary  selectivity  can  be  introdueed  by  using  a  frequency  selective  RC  network  in 
place  of  the  resistive  divider^  A  Wien  bridge  network  serves  this  purpose  admirably; 
examples  of  its  use  are  given  in  the  Desipi  Data  sheets. 

4. 6. 4i  2  Oscillator  Configurations  Above  lob  KC 

Due  to  the  considerably  smaller  values  of  Rp  and  the  smaller  inductors 
and  capacitors  required  for  tuning  and  impedance  transforming,  only  single^^stage 
oscillators  need  be  considered.  Allowing  for  the  different  crystal  characteristics, 
the  grounded  cathode  and  grounded  emitter  configurations  still  have  the  best  characterise 
tics  both  from  the  standpoint  of  impedance  matching  and  power  gain.  These  configurae 
tions  were  analyzed  in  paragraphs  4. 6. 4. 1. 4  and  4. 6. 4. 1.  S  for  tube  and  transistor, 
respectively,  for  low  frequency  oscillators.  Crystals  designed  for  resonant  operation 
in  this  frequency  band  have  Rj-  g^ax  uf  the  order  of  2  K  to  7  K,  which  suggests  a  dee 
sirable  terminating  resistance  of  1  K  and  2  K.  inspection  of  the  two  calculations  shows 
that  for  this  condition  the  transistor  will  have  superior  gain  capabilities  due  to  its  ine 
herently  low  input  resistance  when  operating  at  high  gain.  However,  either  tube  or 
transistor  oscillators  should  be  capable  of  50  MW  to  100  MW  output  power  in  this 
connection  with  these  crystals. 

Pierce  type  oscillators  using  tubes  are  also  feasible  in  this  frequency  band. 
References  1  and  3,  Paragraph  7. 0;  deal  extensively  with  tube  oscillators  of  this  type. 

Field  effect  transistors  should  a]^o  function  well  in  this  configuration  at  these 
frequencies. 

4. 6. 5  Impedance  Transforming  Networks 

The  previous  paragraphs  note  the  difficulties  of  constructing  tunable  impedance 
transforming  networks  at  frequencies  much  below  100  KC  and  the  consequent  need  for 
alternative  types.  The  untuned  inductive  transformer  appears  to  have  possible  ap^ 
plication  for  this  purpose  (see  Paragraph  4. 7  );  however,  if  used  solely  to  supply 
feedback  power,  careful  design  is  necessary  to  prevent  phase  sensitivity  to  the  value 
of.  the  crystal  resonance  resistance.  A^o,  because  of  its  wide  bandwidth,  it  may  be 
necessary  to  introduce  additional  selectivity  to  prevent  parasitic  oscillation.  No 
designs  of  this  type  have  been  evaluated  and,  therefore,  this  is  pure  conjectme. 

Another  alternative  would  be  to  fix.^tune  the  transformer,  the  transformer 
being  designed,  to  be  uncritical  with  regard  to  the  tuning. 

One  partially  satisfactory  alternative  to  the  tuned  transformer  is  to  use  a 
two^stage  an^lifier  in  conjunction  with  a  selective  feedback  network.  The  disadvan^ 
tage  is  the  relative  complexity  of  the  oscillator  circuit. 
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Below  16  KC  ah  entirely  satisfactory  alternative  for  a  tube  oscillator  is  the 
crystal  phase^^ inverting  circuit.  The  design  evaluation  circuit  of  this  type  was  the 
least  complex  of  all  those  evaluated  below  100  KC. 

Above  100  t\C,  eonventlonal  tuned  impedance  transforming  networks  are  ap* 
plicabie.  The  w  network,  capacitive  divider,  tuned  transformer,  or  auto^^transformer 
should  all  work  satisfactorily,  providing  the  network  design  conditions  are  satisfied. 

4. 6. 6  Sesign  Procedure 


An  actual  design  procedure  applicable  to  the  entire  frequency  band  is  difficult 
to  formulate  because  of  the  large  variety  of  possible  circuit  conditions  and  the  changing; 
characteristics  of  crystals  and  impedance  transforming  networks >  One  approach  to 
this  problem  is  to  divide  each  step  of  the  procedure  into  three  sections,  each  section 
covering  a  particular  frequency  band.  The  frequency  breakdown  selected  iS; 

(a)  Below  16  KC 

(b)  16  KC  to  160  KC 

(c)  Above  100  KC 


4. 6. 6.  i  Step  1,  Crystal  Operation 


(ft) 


(b) 


(e) 


4. 6. 6. 2 


(a) 


Below  16  KC.  These  crystals  may  be  operated  at  resonance  or  at 
parallel  resonance  with  a  series  capacitor.  They  can  also  be  operated 
as  two  terminal  pair  filters. 

16  KC  to  lOO  KC.  These  crystals  may  be  operated  at  resonance  Or  at 
parallel  resonance  with  a  series  capacitor. 

100  KC  to  500  KC.  Resonance  operation  or  parallel  resonance  with 
either  a  series  or  parallel  loading  capacitor  is  possible. 

Step  2,  Selection  of  Crystal  Type 

Below  16  KC.  If  a  design  using  the  crystal  as  a  filter  is  contemplated 
(applicable  to  tube  oscillators  only),  the  Crystal  should  be  purchased 
as  a  resonance  crystal  with  the  four  connections  brought  out  individually. 
If  the  Cl  ystal  is  to  be  used  as  a  series  feedback  element,  operation  at 
parallel  resonance  with  a  series  capacitor  is  recommended  because  of 
the  small  frequency  tuning  range  available  in  this  connection. 
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(b)  1(3  KC  to  100  KC.  Parallel  resoncance  with  a  series  tuning  capacitor  is 

recommended  because  of  the  frequency  tuning  range  capability. 

(g)  Above  loo  KC.  All  three  methods  of  using  the  crystal  appear  possibie. 
However,  no  experimental  evaluations  have  been  made  and,  consequent^ 
ly,  no  recommendations  are  made. 

Table  7  shows  the  military  standard  low  frequency  crystals.  This  table  shows 
that  no  choice  exists  unless  the  special  t3^es  are  considered. 

4.  6.  6.  3  Step  3,  Oscillator  Configuration 

(a)  Below  16  KCi  For  a  tube  oscillator,  a  grounded  cathode  amplifier  in 
conjunction  with  a  phase  inverting  crystal  filter  is  the  recommended 
choice.  The  second  choice  is  the  grounded  cathode  amplifier  with  out^ 
put  tuning  if  oscillator  size  is  ineonsequentiai.  Thirdly,  the  two-stage 
amplifier  with  a  frequency  selective  feedback  network.  These  recom¬ 
mendations  are  based  on  circuit  simplicity,  since  the  performance  of 
all  three  types  is  comparable  with  the  exception  of  power  output. 

No  evaluations  have  been  made  using  a  phase  inverting  crystal  filter  in  a 
transistor  circuit,  and  therefore  no  recommendations  concerning  this  type 
of  oscillator  can  be  given,  from  the  remaining  possible  configurations,  a 
grounded  emitter  amplifier  with  output  tuning  is  the  recommended  choice  if 
oscillator  size  is  unimportant.  The  next  choice  is  a  two-stage  grounded 
emitter  amplifier  with  a  frequency  selective  feedback  network. 

(b)  16  KC  to  100  KC.  For  a  tube  oscillator,  the  recommended  dioice  is  a 
grounded  cathode  tuned  output  oscillator.  The  two-stage  grounded  cathode 
amplifier  with  frequency  selective  feedback  is  the  second  choice. 

For  a  transistor  oscillator,  the  grounded  emitter  tuned  output  circuit  00°^ 
cillator  is  recommended  if  osciliator  size  is  unimportant.  The  second 
choice  is  two  grounded  emitter  transistors  with  frequency  selective 
feedback. 

(c)  Above  100  KC.  Because  no  experimental  evaluations  were  performed,  no 
recommendations  can  be  given  regarding  anti-resonant  oscillators.  Witti 
regard  to  the  other  alternatives,  the  practical  difficulties  of  tuning  are 
eased  and  single-stage-tuned  output  circuits  should  present  no  problems. 

4, 6, 6. 4  Step  4,  Desired  Active  Device  (Characteristics 

The  requirements  are: 
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(a)  High  gain  at  the  circuit  impedance  levels  of  the  selected  configufation 

(b)  Power  output  limiting  capability  Gompatible  with  the  crystal  dissipation 
rating 

(c)  The  active  device  characteristics  sbould  not  be  frequency  sensitive  at 
the  desired  oscillator  frequency 


4.  6^  6.  5  Step  5,  Selection  of  Active  Device 
Tubes  should  be  selected  on  the  basis  of: 


(a)  MlghU. 

(b)  Up  compatible  with  desired  load^ 

(C)  Bp  and  tube  stray  capacitance  compatible  with  operating  frequency. 

(d)  if  the  tube  is  to  provide  power  output  limiting  action,  the  operating 
power  level  of  the  tube  should  also  form  a  basis  for  selection.  This 
is  not  Completely  necessary,  since  limiting  diodes  suitable  for  operation 
at  these  frequencies  are  inexpensive. 

For  a  transistor  the  requirements  are: 

(a)  A  high  common  emitter  current  gain 

(b)  A  current  gain  cutoff  frequency  fg  of  approximately  three  times  the 
desired  operating  frequency 

4.  6. 6.  6  Step  6,  Determination  of  Active  Device  Characteristics 

At  the  frequencies  under  discussion,  the  active  device  power  gain,  input  re^ 
sistance,  and  output  resistance  can  be  calculated  from  the  formulae  of  Paragraph 
4.  6, 3  and  the  mamffacturer's  data  sheet  information.  The  calculations  should  be 
made  for  power  levels  compatible  with  the  crystal  dissipation.  The  biasing  levels 
should  be  Such  that  output  limiting  will  prevent  crystal  overdrive. 

4.  6. 6.  7  Step  7,  Calculation  of  Oscillator  Component  Values 

Various  examples  of  the  calculations  involved  are  given  in  this  report  and  in 
the  Design  Data  Sheets,  These  examples  should  be  referred  to  as  possible  methods 
of  inqilementing  this  process. 
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4,  6,  6.  8  Step  8,  Design  of  Impedance  Transforming  Network 

Reference  should  be  made  to  Paragraph  4. 7  for  impedance  transforming 
network  design  formulae. 

4,  6, 6.  9  Step  9,  Experimental  Adjustments 

Before  connecting  the  feedback  loop,  it  is  helpful  to  check  the  actual  amplifier 
power  gain  and  the  phase  angle  between  input  and  output  voltage.  The  latter  is  easily 
determined  using  an  oscilloscope.  The  output  limiting  action  of  the  amplifier  can  also 
be  checked  by  overdriving  the  amplifier  and  viewing  the  output  waveform. 

4. 7  Impedance  Transforming  Networks 

Several  impedance  transforming  networks  are  analyzed  in  the  following  dis¬ 
cussion.  In  addition  to  deriving  the  transformation  ratio,  the  analyses  also  show  the 
phase  relationships  between  input  and  output  voltages  of  the  netwoi^ks.  From  the  re¬ 
sults  of  the  analyses,  design  equations  or  methods  are  presented  which  enable 
impedance  transforming  networks  to  be  designed  for  a  specific  transformation  ratio 
with  a  given  phase  shift  between  input  and  output. 

4.7.1  w.  Network 

4. 7. 1. 1  ir  NetworJt  Analyais 

The  following  analysis  is  based  on  the  practical  circuit  aspects  of  the  network. 
This  is  not  the  most  presentable  approach  mathematically,  but  it  is  believed  to  yield  a 
better  practical  appreciation  of  the  transforming  action  of  the  network. 

The  useful  properties  of  the  rr  network  from  the  oscillator  design  viewpoint 

are: 

(a)  The  impedance  transforming  properties  between  input  and  output 

(b)  The  phase  inverting  action  between  input  and  output  when  the 
component  values  are  chosen  appropriately 

The  analysis  of  the  impedance  transforming  portion  of  the  network  is  develop¬ 
ed  through  the  transformations  shown  in  Figure  25.  The  required  network  trans¬ 
formation  equations  are  given  in  Table  3.  Figure  25  shows  only  that  part  of  the  net° 
work  active  in  the  impedance  transforming  function;  the  second  capacitor  used  to  time 
with  L  is  not  shown. 
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fransfdrming  from  (a)  to  (b)^  Figure  25,  the  relationships  between  rg'  and  rg 
and  C*  and  C  (Table  3,  c)  are: 


rs  -  r, 


\  «  C  r«  / 


and 


C'  =  C  .  (  1  + 


Transforming  from  (b)  to  (c),  Figure  25,  gives: 

L  ff  s  L  -  i_. 

w  0 

Transforming  from  (e)  to  (d),  Figure  25  (Table  3,  b): 


(136) 


(131) 


^s  •  ^  L 

JR,  T  r-  l 


(*■3  +  •'l) 


2,2 


1  + 


(U  L 


eff 


and 


L'  ^  L. 


eff 


1  + 


(r  +  r,  ) 
s  L ' 


(r  8  +  l^L ) '  J 
2 


«  L  eff 


(132) 
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m4  i 

Figure  26,  ir  Network  Vector  Relationships 
4, 7, 1, 2  TT  Network  Design 

When  used  with  phase  inverting  amplifiers,  ttie  known  requirements  for  tiie 
network  are; 
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(a)  The  value  of^Rg.  The  known  ratio  of  output  power  to  feedbaok  power 
deter  Mines  Rg. 

(b)  The  value  of  rg.  This  is  the  value  of  the  amplifier  input  resistance  in 
series  with  the  crystal  resonant  resistance. 

(c)  The  desired  phase  shift  deviation  from  180  degrees  may  be  taiown.  This 
is  mostly  applicable  to  high  frequency  design. 

(d)  At  high  frequeneieSj  the  value  of  l'  is  fixed.  This  is  the  value  of  induct-^ 
ance  which  will  tune  with  the  total  output  capacitance^  and  includes  the 
tube  or  transistor  output  capacitance  and  the  tuning  Gapacitance.  At 

low  frequencies,  the  value  of  L'  becomes  a  design  variable. 

The  network  unknoMMS  are  R^,  C,  rj^,  and  L.  The  value  of  resistance,  Rl, 
is  not  normally  of  major  importance  in  itself,  since  its  effect  can  usually  be  incorpo^^ 
rated  into  the  oscillator  load  by  appropriately  reducing  the  total  load  dissipation.  The 
difficulty  is  that  the  values  of  (he  other  unknowns  are  all  related  to  Rl,  except  that 
when  Rl  is  greater  than  sRg,  its  effect  will  be  relatively  small. 

With  this  number  of  unlmowas  (he  network  design  becomes  involved^  especial*^ 
ly  when  phase  requirements  have  to  be  met.  A  relatively  rapid  method  that  enables 
the  desiper  to  pay  constant  attention  to  the  design  requirements  is  the  graphical 
approach  outlined  below.  This  is  based  on  the  vector  diagram  of  Figure  26. 

Since  rg  and  Rg  are  knonm  and  represent  the  same  power  dissipation,  the 
ratio  of  Vq/V{,q  can  be  calculated  as  follows: 


Using  suitable  scaling,  draw  a  line  of  length  Vj^  on  the  reference  axis.  From 
the  origin  of  the  vector  Vjp,  draw  a  partial  circle  of  radius  Vp  in  the  third  quadrant. 
Bisect  Vm  and,  using  this  point  as  origin,  draw  a  semicircle  in  the  fourth  quadrant 
of  diameter  Vjp.  These  two  circuiar  segments  are  the  loci  of  Vp  and  V(r  g  +  ti), 
respectively,  if  the  required  phase  angle  between  Vp  and  Vin  is  Imown,  the  vector 
Vp  can  be  drawn;  if  not,  a  value  must  IN  assumed. 

Specifying  any  one  of  the  remaining  four  vector  quantities  will  automatically 
complete  the  design,  since  Vl^^  and  V  ^  are  in  opposition  to  each  other  and  mutually 

perpendicular  to  Vr'g  and  V(r  g  +  rjj.  The  choice  resolves  into  the  assumption  of 
a  value  for  and  the  following  factors  may  influence  this  choice.  For  a  fixed 
phase  angle  between  Vo  and  V|j|,  the  value  of  used  determines  the  power  transfer 
efficiency  Pe» 
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r’s 


V., 

r  8 


r  s 


V(r  s 


+  r 


l) 


(138) 


As  approaches  90  degrees,  the  effiGienCy  increases.  This  IS  the  same 
as  saying  the  Coil  losses  approach  zero.  This  may  be  aft  important  factor  in  the  de* 

Sign  of  low  gain  amplifier  circuits.  Another  effect  as  approaches  90  degrees  is 
that  the  effective  Q  of  the  output  tuning  circuit  increases  and  may  be  important  from 
the  point  of  view  of  harmonic  re  jeGtion. 

Using  these  factors  as  a  design  basis,  a  value  for  can  be  selected;  and 
the  values  of  Cj  L,  and  rj^  can  be  calculated,  using  Equations  (139)  through  (143).  It 
should  be  noted  that  In  these  equations  Vr'^^  Vgi ,  and  are  vottage  magnitudes). 


=  r^ 


X^,  =  r'. 
e'  a 


s 


(139) 


r  1 
1  + 

Y 


(Table  3,  part  (d) ) 


(141) 


^eff 


^l' 


I  + 


"^(y's  ^L) 

J  ^I'eff 


(Table  3,  S>art  (b) ) 


Xl  ^  Xj 


^eff 


+  X, 


(143) 


rx  =  r 


s  • 


The  Q  of  inductance  L  = 


If  this  Q  is  not  a  feasible  value  (either  too  small  or  too  large),  the  desi^  can 
be  optimized  by  recalquiating,  using  a  new  value  Of  *^j.  Increasing  will  require 
a  higher  Q  for  the  coil  and  vice-versa.  A  typical  design  is  shown  in  Figure  27. 
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Figure  21.  Example  of  ir  Network  Design 


4.  7.  L’  CapaGilive  IDivider  Network 

4.  7.  2.  1  Analysis  of  Capacitive  Divider  Network 

Referring  to  Figure  28^  it  is  assuined  that  the  reactive  elements  are  at  reso- 
nane(>  at  angular  frequency  cu  ^  and  that  a  voltage  is  present  across  the  series 
combination  of  Cj  and  C2.  is  the  load  applied  across  C2,and  is  the  voltage 
across  '’g.  Then: 


j  W  Cj 

1  +  j  (Cj  +  C2)rg 


When 


cuCi  r 
I  s 


/gpO  ^  tan^^  cu  (Cl  C2) f 8 


^  ^(Ci  + 
2  2 


w  (Cj  +  »1,  i.e.,  rg»Xg  +  c 


Cj  +  Cg 


(147) 


1^  2|  I 

Now  -  ,  the  output  power,  must  be  equal  to  I 

Ts 

resistance  which,  if  connected  across  Vjjj  with  Tg 


V.  2 

,  where  R  is  that  value  of 
R  s  s 

diseonnected,  would  dissipate  the 


same  power  that  Tg  does  with  voltage  Vq  aeroSs  it.  That  is,  represents  rg  trans¬ 
ferred  to  the  input  side  of  the  network.  Therefore: 


and 


(148) 


(149) 


90 


Substituting  for 


V  2 

. 

VinP  ‘ 


Rg  tol^tCj  +  C2)^fg^ 

1  + 


1, 


2^  2 
«  Cj  Tg 


(151) 


^  2^_.22_ 

Thereforej  for  the  partiGular  case  where  at  ^  ^2^  r  Equation  (I51)bec0mes; 


8 


For  ease  of  calculation,  it  is  convenient  to  obtain  the  relationship, 


R. 


R's 


<u2(Cj  +  2 


#  1  + 


^(G  ,  ^  C  . 


(163) 


Where 


^1  *  ^2  “  a,  (Ci  +  C2) 


If  fg  -  2  X(Cj  +  Cg  ),  ®8  ’  ^*8 


and  if 


^  3  X(c,  +  C„  ),  then  Rg  #  1. 11  R’s 


This  shows  that  for  Tg  ^  3  X(ej  +  Gg),  Rg  ^  R'g  ,  and  Equation  (152)  adequately 
describes  the  circuit  insofar  as  transformation  ratio  is  concerned, 


The  phase  shift  occurring  between  input  and  output  of  the  network  is  also  of 
interest.  The  general  phase  shift  characteristic  is  shown  in  Figure  29. 
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nit 


CalGulations  using  the  formula  <^  =  90°  ^  tan“^  o)  (Gj  +  C2MS 
(146))show  that  for; 


tioft 


*■8 

4-  G2), 

tg  ^  3X(C^ 

4  C2)i 

rg  ^  6X(0j 

+  Ggit 

=  27® 


It  should  be  noted  that  this  phase  sh^  is  independent  of  any  phase  shift  due  to  mis«^ 
tuning  of  the  tank  circuit. 

An  additional  effect,  which  is  not  brought  out  in  the  analysis,  is  the  effective 
capacitance  Cq  presented  by  the  0^,  C2,  aod  tg  combination  to  the  input  source: 

C,  t>  *  .  Cg)r/]. 

”  j  *  <“*(Cj  ♦ 

2  2 

for  the  condition  w  (Cj^  +  Cg)  r^  »  i.  This  reduces  to 

.  gj  ■ 

:  n  Cj  +  Cj 

If  this  condition  does  not  apply,  diem 

c  c 

e  <  -A...'.  since  C„  <  C,  +  0. 
n  c,  +  C,  21  2 


I 
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The  capacitive  divider  network  is  useful  in  oscillator  design  because  of  the 
simplicity  Of  the  design  equations  and  the  design  accuracy  obtainable^  All  the  high-^ 
frequency  osciliators  evaluated  for  this  program  used  this  type  of  feedbadk  network 
because  of  these  good  features. 

The  analysis  assunaes  that  losses  in  the  capacitors  have  no  effect  on  the 
network  performance.  This  is  a  justified  assumption  when  high«‘quality  cs^acitors 
are  used. 

4. 7. 3  Untuned  Inductive  Transformer 
4. 7. 3. 1  inductive  Transformer  Analysis 

The  circuit  to  be  analyzed  is  shown  in  Figure  36, 


Figure  36i  inductive  Transformer 


uiiere 

Lj  s  The  primary  winding  inductance 

r^  =  The  primary  winding  resistance 

L2  ^  The  secondary  winding  inductance 

rg  s  The  secondary  winding  resistance 

tg  The  load  resistance  hi  the  secondary  cb^cuit 

M  =  The  mutual  mductive  coupling  between  the  two  windinp  defined  by 

M  =  K  7  (156) 

The  dots  indicate  winding  polarities.  As  shown,  the  transformer  has  nominal 
phase  inverting  properties. 


The  equations  describing  this  circuit  are: 

Vig  =  Ii  (ri  +  j  w  Lj)  +  Ig  .  J  w  M 


(157) 


0 


^  h  (j  w  M) 


*2  ('2  +  fg  +  J  W  Lg) 


(168) 


Substituting  for  in  Equation  (IS?)  gives: 


Vin  -  *1 


r  j  +  J  w 


2  2 
(U  M  ( 


+  i-g  -  j  w  L.  ) 


(^2  +  >*8)  + 


(169) 


Two  Conditions  of  operation  are  considered: 

(a)  When  the  secondary  winding  is  heavily  loaded^  This  would  be  the  case 
^  when  the  oscillator  load  is  connected  to  the  secondary^  the  assuniption 

being  that  the  feedback  power  can  also  be  derived  from  the  secondary 
winding  without  the  need  for  additional  inductive  transformers. 

(b)  When  the  secondary  is  used  Solely  to  supply  feedback  power  and  the 
term  E  x  Op  1#  large,  say  larger  than  30.  In  this  case  the  traniforiher 
is  lightly  loaded. 

These  extreme  loading  conditions  have  considerable  effect  on  the  transformer  operation 
and  are  separately  analyzed. 

4. 7, 3. 1. 1  Untuned  Transformer,  Heavy  Secondary  Load 

For  this  loading  condition  the  object  is  to  make  the  impedance  at  the  primary 
winding  terminals  almost  purely  resistive  in  order  to  minimize  the  phase  shift  between 
Ij  and  Vjjj .  The  phase  shift  between  Vp  and  Vin  should  be  as  close  to  180  degrees  as 
possible- 


Assuming  that  u)  L2  ^  3(r2  +  r^  ),  Equation  (169)  simplifies  to; 


Vin  -  *1 


[■ 


4  j  (il  Lj^  .f 


L. 


(rg  +  rg  -  j  w  Lg) 


- 


Substituting  for  M  ^ves: 


Vin  +  >’s )  +  (1  "  ?*  )  ’  i 


«  Lj)  j 
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The  phase  angle  of  with  respect  to  lsi 


<t> 


1 


tan 


-1 


r|  +  . 


(UL-, 


M  .  (r2  +  fg) 
L2 


Typical  vector  felationships  for  the  transforMer  primary  are  shown  in  Figure 
Equation  (158)  establishes  the  conditions  in  the  secondary  of  (he  transformer.  The 
e  angle  between  the  induced  voltage  “  •  (j  tv  M)  and  is  given  by: 


(163) 


Figure  32  Shows  typical  vector  relationships  for  the  transformer  secondary, 
remembering  that  tvli2  ^  3(r2  *  Combining  Figures  31  and  32  gives  the 
vector  diagram  of  the  loaded  transformer  Shown  in  Figure  33,  The  total  i^ase  angle 
between  V|j|  and  V,  tt. 


*T  •  *1*  't>Z* 
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(1  -  n 


(uL. 


■  (rg  +  ^8^ 


4  tan 


■1  1 
^2  ^a  j 


+  90° 


(164) 


2  8 

Varidus  points  may  be  noted^  as  follows: 

(a)  if  ^  is  less  thM  18  degrees^  the  voltage  across  the  resistive  cotnpo-^ 
nent  of  the  transformer  i^ut  impedance  is  greater  than  95  percent  of 
Vi^i  and  the  load  refleked  from  the  seoondary  can^  for  all  practical 
purposes,  be  regarded  as: 


Rg  " 


ill 

L2 


(^2  + 


Further,  if  rg  <<  r^,  this  reduces  to: 


Rs  = 


(  1  <■ 


(ir,6) 


Equation  (166)  is  the  well  known  tranSformatioD  ratio. 


(b)  The  power  transfer  efficiency  of  the  transformer  is: 

1,2  ii. 

^  ’  Lo  •  *’s 


■'2 

.2 


rj  +  H  •  •  (rg  +  ^'s) 


(167) 


96 


(e)  Small  variations  of  (f)  j  and  ^2  from  their  ideal  values  of  0  and  90 
degrees  tend  to  compensate  each  other  in  maintaining  a  phase  angle 
approaching  180  degrees  between  Vm  and  Vq.  However^  if  fed  from 
a  resistive  source,  the  source  voltage  will  lag  Vm  because  of  the  in^ 
ductive  nature  of  the  load.  This  will  incf ease  the  deviation  from  180 
degrees  of  the  phase  angle  of  Vg  relative  to  the  source  voltage.  For 
example,  if  the  source  is  a  grounded  cathode  vacuum  tube,  it  appears 
as  a  power  source  consisting  of  Rp  in  series  with  a  voltage  generator, 
“UVg.  In  oscillator  design,  the  phase  angle  of  Vg  relative  to  Vg  is  the 
important  relationship. 

4. 7. 3. 1. 2  Untuned  Transformer  Design,  Heavy  Secondary  Load 

Figure  34  is  representative  of  a  transformer  driven  by  an  active  device,  the 
latter  being  shown  as  a  voltage  generator  in  series  with  its  output  resistance  Rg. 


MOI 


l2 

‘T*  •  '^2 

Lg  Z 


Figure  34.  Driven  Transformer,  Heavy  Secondary  Load 


At  frequencies  where  untuned  transformers  are  likely  to  be  used  (say,  below  100  KC), 

it  is  not  difficult  to  obtain  coupling  coefficients  greater  than  0.  0  and  winding  Q's  greater 

than  100  using  ferrite  or  laminated  iron  cores.  Assuming  these  values  as  minimum 

conditions,  ri  +  k2  ^1  j.  will  normally  be  small  compared  to  R,,  +  k-  r 

■  L2  ^  2  L2  •  ^ 

-  1 

and  will,  therefore,  have  negligible  effect  on  the  value  of  in  any  case,  the  effect  of 

rj  and  k^  .  is  to  reduce  and  ignoring  them  will  add  a  safety  factor  in  the 

'  L2 

design,  ip  ^  is  the  modified  primary  phase  angle  due  to  the  presence  of  R^. 

With  these  assumptions, 


-in  ^  *^o  ^^s  +  i  ^ 
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and 


Of 


tan  9  2  ~ 


0. 2  «*)L, 


Oi  2(U 


.  tan 


(169) 

(170) 


and  assuming  a  value  for  determines  L^.  The  value  of  should  be  small  (say, 
10  to  15  degrees)  to  avoid  the  need  for  exeesslve  phase  correction  elsewhere  in  the 
oscillator  circuits 


Using  K  =  0. 9  and  the  known  values  of  Rg  and  rg,  the  value  of  L2  can  be  cal^- 
cuiated  by  substituting  for  Li  in  Equation  (166): 

L2  =  0.8  X  Li  X  ^  (171) 

Rg 

At  this  point  in  the  caleulation  ttie  followh^  condition  should  be  checked: 

(0  L2  ^  Sfg 


If  not,  the  value  L2  should  be  increased  to  satisfy  this  condition  and  the  new  values  of 
Lj  and  determined  from  Equations  (171)  and  (l76)  j  respectively. 


Calculate  the  secondary  phase  angle  using  the  equation: 


r 


s 


(172) 


Calculate  from: 

^  *  ^2  * 

The  resuithig  should  be  within  10  or  15  degrees  of  180  degrees,  since  phase 
shifts  of  this  magnitude  can  be  uncriticaily  introduced  at  other  points  in  the  circuit. 
One  particuUtrly  easy  method  is  to  add  a  fixed  capacitor  across  die  transformer 
primary  windhig. .  hi  dils  case,  die  transformer  is  actually  tuned.  However,  the  Q 
is  less  than  1  and  the  capacitor  value  is  uncritical  and,  therefore,  is  not  required  to 
be  variable.  This  method  also  serves  to  limit  the  amplifier  bandwidth,  diereby  re^ 
ducing  the  possibility  of  parasitic  oscillation. 


The  original  assumption  concerning  the  effect  of  ri  and  r2  can  now  be  checked 
and  corrections  made,  if  necessary. 
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4.  7.  3. 1.  3  Untuned  Transformer,  Light  Secondary  Load 

If  the  tfansformer  is  solely  employed  to  give  phase- inverted  feedhaok  power, 
the  transformer  operation  is  radically  changed.  The  oscillator  load  is  in  parallel  with 
the  transformer  primary  windmg,  and  the  secondary  of  the  transformer  operates  under 
essentially  open  circuit  conditions;  that  is,  oiL^  <  rg. 

Under  these  conditions,  consideration  of  Equation  (158)  shows  .that  the  voltage 
across  rg  will  lag  the  induced  voltage  •  j  (v  M  by  a  small  phase  angle  as 
shown  in  Figure  35,  wheret 

toLg 

d>  =  tan“^  (174) 

^2  rg  +  rg 


Figure  35.  Secondary  Vector  Diagram,  Li^tly  Loaded 


it  is  evident  from  Figure  35  that  the  impedance  looking  into  the  transformer 
primary  must  have  a  large  inductive  compoeent  compared  to  its  resistive  component 
in  order  that  the  phase  angle  between  input  and  output  voltages  approaches  180  degrees, 
deferring  to  Equation  (159)  and  {qq>roxinmtiog  for  the  condition  (r2  *  rg)  ^  3  w  L2 


'In  '  ‘1  [ 


rj  +  j  CM  Lj 


2«2 
CM  M  (r 


<*•2  *  J 


(175) 


This  equation  simplifies  further  to: 


Vin  "  h 


(M-L  L„ 
12 


n  * 


^2  *  h 


+  L, 


(wL  \ 

"  1 

's  / 


9« 


will  itlake  f2  negligible  in  Gdmparison  to  tg.  Equation  (176)  then  simplifies  tO; 


V.  .  (o^LjL^ 


(177) 


When  driven  by  an  active  device  with  the  active  deviGe  load  across  die  transformer 
primary,  the  circuit  is  as  shown  in  Figure  36(a),  which  reduces  to  the  Thevenin  equlva* 
lent  of  Figure  36(:b)i  The  phase  angle  of  with  respect  to  V  is; 

tuL, 

J  *  -1  1  ‘ 

f  j  =  -tan  ^  ^ 

fta  ■_?i.  »  r,  , 


^o  + 


‘S 


k^tu^L.L. 


1^2 


L| 


Figure  36.  Driven  Transformer,  Lightly  1/oaded 


k^M^U|L2 


1  I 


A  ^  ^  of  80  degrees  is  the  approxiniate  maximum  value  that  will  be  required, 
since  for  <f>2  ^  0  this  will  result  in  a  lO-degree  phase  deviation  from  180  decrees. 
For  values  of  ^2  ^kat  set  by  the  condition  <uL2  s  Sr^,  the  value  of  1  can 
be  correspondingly  reduced  while  maintaining  a  small  phase  error.  Therefore: 


Bo  +  ^L 


+  r j  + 


J  «^L,L, 


S  5, 7  (tan  80^  =  5.67) 


(179) 


l~2 


100 


1 


The  Q  of  the  primary  winding  will  be  greater  than  iOO  at  die  frequencies  under 
consideration^  provided  that  a  suttabie  iron  core  is  used.  Therefore  r^  is  approximateiy 
20  times  smalier  than  the  remainder  of  the  denominator  of  Equation  (179)  and  can  be 
ipored.  Furthermore,  the  desired  value  of  Ryg  will  be  at  least  one  order  of  mapi- 
tude  greater  than  Rl;  and,  therefore,  wLiLg  ,  which  is  the  equivalent  series 

Tg 

resistance  of  Rpg,  will  be  negligible  in  comparison  with  R^  and  R^  in  parallel.  Con^. 
sequently,  the  input  circuit  phase  angle  is  given  with  sufficient  accuracy  by  the 
formula: 


The  effective  parallel  resistance  seen  at  the  primary  winding  terminals  with  the  secou'^ 
dary  loaded  is  (Table  3  (b)  ): 


s 


1  + 


(181) 


From  the  previous  discussion: 


('1  + 


>>  1 


Therefore: 


2t  2 

oj  Lj- 


k? 

**1  +  1  ^ 

- 

For  the  particular  case  where  ri «  ^  _ _ -  ^  ,  this  simplifies  to: 


^8  =  2 


k  Ln 


The  effoctive  parallel  coil  loss  resistance  iS; 

...2t  .2 


(183) 


4.  7.  3. 1.  4  Transformer  Design,  Light  SeGondary  Load 

Substitute  tan  =  '5.  7  into  Equation  (180)  to  determine  L^: 
T  »  S.7  o  1* 

jji  -  - 


(U 


Ro  *  ®L 


Assume  a  value  for  the  primary  winding  Q  (Qp)  to  determine  r^^  from; 

uiL  2 


(186) 


Calculate; 


®L,  ^  Qfi 


(uLi 


(187) 


Combining  this  value  of  Rl^  in  parallel  with  the  known  value  of  Rpg  gives; 

^  ^FB 


R,  - 


RLi  +  RfB 


L2  can  now  be  determined  from  Equation  (182)  if  a  value  for  K  is  assumed. 

.2t  2 


L  Jk^ 


(189) 


A  suitable  K  value  will  be  0.  9. 

Check  to  see  that  the  following  condition  exists; 


WL2  <  3rg 


(190) 


If  not,  decrease  L2  accordingly.  The  simplest  method  possibly  is  to  recalculate 
Equations  (186)  through  (184)  using  a  smaller  Lj  value.  The  reduction  in  the  Lj^ 
value  required  is  estimated  from  the  reduction  in  L2  required. 

The  phase  shift  between  input  and  output  can  be  estimated  from: 

^  f  2  *  ^'1  + 

IML' 


^  tan 


-1 


2.  ,  tt„->  l«0  *  »U  Wl-l  *  Mf 

Rq  Rl 


(191) 


4  Wien  Bridge  Network 

4.  7.  4. 1  Wien  Bridge  Network  Analysis 

The  Wien  Bridge  network  has  frequency  Selective  properties  that  are  useful 
in  untuned  oscillators.  The  network  is  shown  in  Figure  37. 


The  equations  for  this  circuit  are: 


y.  =  I,  R  +  +  -r  —  1 

“  l  +  j«CRj 


Vo  ^  li  . 


R 


1  +  j  uf  CR 
R 


Vin 


(1  +  j  (u 


K 


j  «  C  1  +  j  (ii  CR 


3  +  j  (-fr 


where  w'  =  ^ 


CR 


At  (tf  ^  01  ,  the  reactive  component  in  the  denominator  fails  to  zero  and: 


(192) 


(193) 


(196) 
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At  angiiiaf  frequenGleS  in  the  vicinity  of  w '  ,  the  response  is  similar  to  that  of  a 
tuned  circuit. 

The  vector  reiationships  within  the  network  at  angular  frequency  w '  can  be 
detertnined  by  noting  that: 

R  3  ^  (id?) 

j  w  G 

and  therefore: 


Figure  38  shows  the  vector  diagram  for  the  network  at  cu  =  at  .  . 


The  input  impedance  is-. 


R(l  '  j) 


Or  transforming  to  paraiiel  elements,  the  parallel  resistance  is: 

r'  =  3R  (200) 


and  the  parallel  capacitive  reactance  is 


(201) 


The  Wien  Bridge  network  is  only  one  case  of  this  type  of  network,  If  the  net^ 
work  is  analyzed  in  its  general  form  niiere  Ri  and  are  the  series  elements  and  R2 
and  C2  are  the  parallel  elements,  the  input  and  output  voltages  are  in  phase  when; 
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(202) 
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^1^2  ^1^2 


The  relationship  between 


at  zero  phase  angle  is: 


Vin  Ri  +  R2<i  + 


(203) 
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5.  0  CONCLySIONS  AND  RECOMMENDATIONS 


5- 1  Conclusions 

lackground  data  applicable  to  the  desi^  and  operation  of  both  high  and  low 
frequency  osciliators  has  been  presented-  The  data  that  is  applicabie  to  high  fre^ 
queney  oscillators  has  been  combined  with  experimentally  gathered  data  to  form  a 
design  procedure  for  the  frequency  range  of  30  MG  to  200  MC^ 

This  design  procedure  is  simple  in  form  and  should  present  few  difficulties 
in  executioni  The  most  complex  part  of  the  procedure  is  the  determination  of  the 
active  device  characteristics^  and  this  is  straightforward  once  the  techniques  have 
been  mastered.  An  active  device  evaluation  normally  requires  less  than  one  hour 
to  complete.  This  compares  favorab  ly  with  the  time  required  to  calculate  2  or  3 
values  of  power  gain  and  input  impedance,  using  the  complex  parameters  of  an  active 
device,  In  addition^  the  data  obtained  by  measurement  is  more  reliable,  since  it  is 
obtained  under  actual  operating  conditions. 

The  low-frequency  design  procedure  offered  is  somewhat  vague  because  of 
the  limited  number  of  evaluations  obtained  of  any  one  type  of  oscillator,  and  also 
because  of  the  large  number  of  feasible  oscillator  eonfigurations.  Nevertheless^ 
when  used  In  conjunction  with  the  bacl^round  data  and  the  Design  Data  Sheets,  it 
supplies  the  information  necessary  for  low  frequency  oscillator  design* 

5. 2  Recommendations 

S,  2. 1  High-Frequency  Oscillators 

The  high  frequeney  Oscillator  design  procedure  is  limited  by  its  failure  to 
consider  alternative  active  device  configurations.  Areas  of  investigation  that  would 
make  the  procedure  more  universal  would  be: 

(a)  Grounded  grid  pentodes  or  tetrodes  at  all  frequencies 

(b)  Grounded  cathode  pentodes  and  tetrodes  in  the  20  MC  to  100  MC  region 

(c)  Grounded  emitter  transistors  in  the  20  MC  to  50  MC  region 

Other  areas  that  could  profitably  be  investigated  are: 

(d)  Methods  of  reducing  oscillator  frequency  instability  with  temperature, 
due  to  the  active  device  and  oscillator  components  other  than  the  crystal. 
This  is  particularly  applicable  to  the  transistor, 
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(e)  Extending  the  frequency  range  above  200  MCi  Judging  by  the  experiences 
of  the  design  evaluation  prograin,  200  MC  does  not  appear  to  be  the  upper 
liinit  of  perforniance.  In  fact,  one  2oO^M€  osclliator  operated  quite  well 
on  the  next  higher  crystai  overtone  mode  at  a  frequency  of  244  MC. 
clllator  operation  up  to  at  least  300  MC  should  be  investigated. 

(f)  The  operation  of  the  oscillator  under  typical  loading  conditions.  The 
inajority  of  oscillators  will  be  loaded  by  a  mixer  or  other  non-linear 
circuit  which  may  influence  performance  considerably.  The  limited 
information  obtained  during  this  program  suggests  that  the  non-linear 
loading  effect  is  negligible.  However,  a  fuller  investigation  would  be 
desirable. 

5. 2. 2  Low-Frequency  Oscillators 

The  low-frequency  oscillator  design  procedure  is  limited  by  the  lack  of  suf¬ 
ficient  evaluation  data,  due  to  the  limited  number  of  circuits  evaluated.  To  correct 
this,  it  is  recommended  that  the  following  circuits  be  further  evaluated: 

(a)  oscillators  below  16  KC  using  the  crystal  as  a  two -terminal  pair 
filter  network. 

fb)  Mtiresonant  Oscillators  in  the  lOO-KC  to  500-KC  frequency  band. 

It  appears  that  field  effect  transistors  could  be  effectively  used  in 
this  application. 
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OSCILLATOR  DESIGN  AND  EVALUATION  DATA 


The  oscillator  design  evaluations  contained  in  these  appendices  are  the  re^- 
suits  of  the  evaluation  program  that  was  conducted  in  parallel  with  the  study  program^ 
The  object  of  this  experimental  program  was  to  determine  the  practical  worth  of  the 
background  data  gathered  from  the  literature  and,  conversely^  to  modify  this  back^ 
ground  data  in  accordance  with  the  specific  requirements  of  crystal  oscillator  desip 
as  (determined  from  the  evaluations. 

The  purpose  of  presenting  these  desip  evaluations  is  to  illustrate  the  use  of 
the  techniques  described  in  the  Final  Report  and  to  show  the  level  of  performance  likely 
to  be  achieved.  It  is  also  possible  that  the  designs  presented  will  find  use  when  a 
general  purpose  oscillator  is  required  and  there  is  insufficient  time  available  to  carry 
out  a  desip. 

This  approach  has  been  experimentally  substantiated  to  some  extent,  The  two 
hlp-power  output  transistor  oscillators  (75  MC  and  126  MC)  were  both  used  in  limited 
production  run  equipments  with  satisfactory  results,  in  spite  of  considerably  different 
circuit  layouts  from  those  of  the  prototype  circuits.  The  only  deviation  was  tiiat  the 
power  Output  capabilities  of  the  oscillators  averaged  out  at  about  26  percent  less  than 
that  obtained  from  the  protot3mes. 

The  format  utilized  for  each  evaluation  is  as  follows: 

(a)  A  short  discussion  giving  general  information  concerning  the 
desip  and  any  difficulties  encountered 

(b)  A  schematic  of  the  oscillator  together  with  other  pertinent 
circuit  information 

(c)  The  desip  calculations 

(d)  The  evaluation  data 
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1S0»MC  OSCILLATOR  USmO  2N917  TRANSISTOR 

Object: 

This  was  an  early  design;  the  object  was  to  design  a  16d-MC  OSciilator 
and  Study  its  perforinanGei 

The  circuit  was  designed  for  true  grounded  base  Ojperation  using  two  nc 
supplies.  This  was  done  to  overcome  any  possible  difficidties  due  to  AC  grouniJing 
the  basei  This  precaution  proved  unnecessary  as  shovm  by  later  designs.  The 
transistor  was  idso  soldered  into  the  circuit;  this  again  proved  unnecessary.  Later 
deslfpis  used  transistor  sockets  to  facUitate  transistor  (Ganges. 


i6d-MC  TRANSISTOR  OSCILLATOR  DATA 
Oscillator  Deeiign  and  Evaluation  Sheet 
Active  Element:  Transistor  Manufacturer's  Type  No^ :  2N917 


Crystal  (s)  Used 

Resonant  frequency 

Series  Resistance 

Similar  to 

CR-56A/U 

160.0013  MC 

60  ohms 

Similar  to 

CR-66A/U 

150. 0018  MC 

86  ohms 

Description  of  Oscillator  Type 
Crystal:  Sejj^ 

Active  element  coidigurahion:  Gromided  base 


A-1 


Feedback  transformeF  coidigurationi  CapaciUye  Divider 


Details  of  Design  Calculatiotis 

Using  the  notation  and  design  equations  of  the  Final  Report  and  the  measured 
gain  and  input  resistance  of  the  amplifier,  the  remaining  circuit  component  values  are 
determined  as  follows; 

From  the  amplifier  curves^  select  a  working  point  at: 

Gp  -  300,  Rj.  “  600  ohms,  Rj^  =  150  ohms  and  taking  Rj  max  s  100  ohms 
Rg  -  R|g  +  Rj  -  250  ohmg 

G'p  •  Op .  r* " »»» 


and  using  a  safety  factor  of  2: 
G’n 

90 


R 


FB 


G'p 

Rt  =  54  K 
2  * 


or 

If 


For  a  capacitive  divider  feedback  network,  the  relevant  equations  are; 

2 


T 

*r 

"  Rs 

c 

-  14 

2 

^2 

=  50 

-  216 


■(^) 


^  50  UUF,  Cj  ^  3,6  UUF, 


1100  200  300  400  500  600  700 

LOAD  RES’iSTANCE  (<  OMMSI 

Figure  A-2.  2N917  Common  Base  fransistoF  AmpMier  at  150  MC 


The  actual  value  of  C2  used  was  nominally  5  UtJFi 

The  phase  lead  Introduced  by  the  capacitive  divider  network  is ; 

6  =  90°  -  tan“l  w  (Cj  +  Cg)  Rg 

=  5°  for  C2  -  SO  UUP 

The  effective  parallel  loss  resistance  of  the  tuning  coil  was  9  K  which  is 
negligible  compared  with  600  ohms.  Therefore ^  -  R^  “  600  ohms  (680  ohms 

nominal  value).  The  voltage  measuring  probe  loss  was  also  negligible. 

This  circuit  was  also  evaluated  with  C2  “  25  UOT . 


g 

© 

lA 

g 

© 

(A 

g 

% 

g 

®iA 

n 

» 

n 

n 

•% 

is 

***.• 

1 

lio 

1 

1 

II 

II 

H 

II 

>" 

QQ 

d 

CO 

d 

i>s 

CQ' 

d 

n 

1 

© 

1 

*1 

d 

o 

<0 

d 

e 

w 

e 

e 

«o 

d 

9 

<o 

II 

II 

II 

II 

(H 

ei^ 

0K 

m 

lA  e 
M  (A 


g  g 


g 

i 

lA  •'< 


g 

U3  S 


1 

I 

© 

s 

1 

Xi 

iC 

id 

© 

© 

© 

© 

o 

9 

9 

9 

9 

o 

9 

9 

to 

9 

9 

9 

&R 

<.  o 

S  ' 

'  u 

o 

.11  •« 


Ki® 

>  > 


o  r? 
«  ^ 
>'  5 


©  tf 

u 

>"1 


u  © 

►,®  K® 

>  > 


lA  O 
N  lA 


N  e<f 
g  g 


^  I 


m 


kJ>  k® 
>■  > 


©  Q 

©  o 


%  I 

f  O 
J  § 

P  < 

%  K 


Osciliator  Ambient  fetuq^rature 


(3M)  APNSFiPtUd 


A-6 


APPENDIX  B 


193-MC  OSCILLATOR  USING  2N917  TRANSISTOR 

This  is  essentially  the  same  circuit  that  was  used  at  150  MC  with  tuning  and 
feedback  circuit  changes  <  Hcwever,  a  comparison  of  the  power  gain  and  input  resist 
tance  as  a  function  of  load  for  the  two  cases  shows  that  the  transistor  characteristics 
changed  consideraMy. 

The  150=MC  crystal  was  again  used  in  this  evaluation  by  operating  it  in  the 
9th  overtone  mode.  Late  in  the  evaluation  period  the  pins  of  the  crystal  holder  (HC^ 
18)  were  damaged  and  it  was  necessary  to  transfer  the  crystal  to  another  holder  (HC^ 
6).  The  repackaged  crystal  resistance  was  approximately  20  percent  larger  and  the 
series  resonance  frequency  decreased  10  KC.  No  other  ill  effects  were  noted. 

An  attempt  was  made  in  this  design  to  separate  the  temperature  effects  of  the 
crystal  and  the  remainder  of  the  circiut.  The  crystal  was  mounted  in  an  oven  which 
held  its  temperature  at  65°€  ±S^C,  and  the  resulting  frequency^versus^temperature 
data  showed  an  improvement  from  :i38  PPM  to  approximately  d:ll  PPM  (extrapolating 
the  temperature-^controlled  curve  to  iO^C). 

The  peculiar  ''kinks"  in  the  frequency^  versus -^temperature  cvurves  are  prob‘d 
ably  due  to  ice  melting  on  the  components,  since  the  temperature  chamber  used  at 
this  time  was  particularly  vidnerable  to  "snowing  up, " 

193^MC  TRANS]®T0R  oscillator  DATA 
Oscillator  Design  and  Evaluation, Sheet , 

Active  Element:  Trsasistor  Manufacturer's  Type  No:  2N917 


Crystal  (s)  Used  Resonant  Frequency  Series  Resistance 

Similar  to 

CR^56A/U  192. 8560  MC  TS  ohms 


Similar  to 

CR^56A/U  (REPACKAGED)  192. 8463  MC  96  ohms 


Descfiptlon  of  OsGillator  Type 
Crystal:  Series 

Active  element  configuration:  Grounded  base 
Feedback  transformer  configuration:  Capacitive,  piyider 


tx 


.8=11 


notes: 

1g=5MA 

ALL  CAPACITORS  IN 

uur  UNLESS  otherwise 

NOTED. 

Lx  TUNES  WITH  Cp 


Figure  B=l.  193^MC  Oscillator  Circuit 


Details  of  Design  Calculations 

Using  the  notation  and  design  equations  of  the  Final  Report  and  the  measured 
gain  and  input  resistance  of  the  ampMier,  the  remaining  circuit  component  values  are 
determined  as  follows; 


With  the  object  of  keeping  the  amplifier  input  resistance  relatively  low  while 
maintaining  adequate  gain,  the  amplifier  working  point  was  Selected  at  Bp  ^  600  phmS» 

Gp  -  125,  Rjp  =  460  ohms.  Also,  taking  Rj  ”  190  ohms; 

Rs  ^  Rin  ^  Rl  max  ^  960  ohms 


Rin 

Rl  max 


102 


and  usii^  a  safety  factor  of  2: 


51 


B’2 


G'p 

%B  "  2  •  Rf  =  31  K 

Using  a  capaeitive  divider  feedback  network,  the  equations  are: 


or  C2  7.4Ci 

PorC2  =  25  UUf,  Cj  =  3.4  UtJF. 

The  noMinal  Value  of  Ci  used  was  3  UUF. 

The  loading  effect  of  the  voltmeter  probe  and  the  coil  losses  was  negligible, 
and  a  value  of  640  ohms  (750  ohms  nominal  value)  was  used. 

The  phase  lead  introduced  by  the  capacitive  divider  network  is: 

6  =  90°  =  tan^iw(Ci  +  CglRg 

=  3°forC2  -  25  UUF 

An  evaluation  was  also  carried  out  for  €2  ^  16  tlUF . 
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Dscillator  Ambient  Temperature 


APPENDIX  C 


120-MC  OSCILLATOR  USING  2N2217  TRANSISTOR 

Object; 

The  object  of  this  design  was  to  obtain  high  power  output  while  maintaining 
Crystal  dissipation  below  maximum  rating.  The  power  output  was  in  the  region  of  100 
MW  to  120  MW  at  room  temperature  for  a  crystal  dissipation  of  1  to  1^5  MW. 

The  family  of  transistors  investigated  was  the  2N22l7^19^  the  only  difference 
between  these  types  being  in  the  values  of  hpg .  Experimental  tests  showed  that  the 
2N2217  (the  lowest  gain  type)  suffered  least  from  the  effects  of  internal  feedback  at 
this  frequency,  and  this  type  was  selected  for  the  application. 

The  experimentally  derived  power  gain  and  input  resistance  curves  of  the 
amplifier  show  that  the  load  resistance  necessary  for  stable  gain  is  in  the  region  of 
200  to  300  ohms,  an  undesirable  range  of  values  in  view  of  the  specified  28‘Volt  supply. 
This  resulted  in  considerable  mismatching  of  the  oscillator  to  the  power  supply  and| 
consequently  I  a  poor  oscillator  efficiency. 

Temperature  tests  of  the  oscillator  resulted  in  frequency  deviations  ofitO.  0052 
percent  using  Rx,  ^  325  ohms  (measured  at  120  MC)  and  ;iiO.  0044  percent  using 
Rx,  m  250  ohms.  These  tolerances  are  3  to  4  times  those  e^mected  of  the  crystal 
alone  and  indicate  the  price  paid  for  the  hi^  power  output.  Similar  resiUts  were  ob^ 
tamed  from  a  temperature  test  on  a  production  unit  when  loaded  with  a  Class  B  power 
amplifier. 

The  results  obtained  with  this  oscillator  should  be  compared  with  those  of  the 
75«MC  oscillator «  which  was  designed  for  higher  power  output  using  a  slightly  different 
approach, 

120-MC  TRANSISTOR  OSCILLATOR  DATA 
Oscillator  Design  and  Evaluation  Sheet 

Active  Element;  Transistor  Manufacturer’s  Type  No:  2N22j7 


Crystal  (s)  Used  Resonant  Frequency  Series  Resistance 

CR»56A/U  12Q.  0005  MC  38  ohms 

CR=j6A/U  119. 9977  MC  48  ohms 


Description  of  Oscillator  Type 
Crystal:  Series 

Active  elcrnent  coafigilration:  Grounded  Base 
Feedback  transforimer  Gonfiguration:  Capacitive,  Divider 


Figure  C‘l.  120^MC  Osoillator  Circuit,  2N2217  Transistor 


Details  of  Design  Calculations 

Using  the  notation  and  design  equations  of  the  Final  Report  and  the  measured 
gain  and  input  resistance  of  the  amplifier,  the  remaining  circuit  component  values  are 
determined  as  follows : 


From  the  amplifior  curves  a  working  point  at  Rj-  -  320  ohms.  Op  ^  630, 
Rin  -  130  ohms  was  selected.  Also  Rj,  .  s  eo  ohms. 

^s  *^in  ^  '^r  .  max  ==  190  9hms 


Ri 

R. 


in 


430 


ip 

2 


215 


C-2 


and 


X  R.p  =  69  K 

For  a  capaeitive  divider  feedback  network^  the  equations 


t  = 
r 


or  q  =  iacj 

For  Cj  =  8  UUFj  €2  ^  140  ITUF. 

To  obtain  high  power  output,  C,  was 
dissipation  of  1  to  1*  5  MW^  ^ 


to  50  ytJF  giving  a  crystal 


The  phase  lead  introduced  fay  the  capacitive  divider  is: 
6  ^  9qo  ^  tan^l  w  (Ci  +  Co  ) 


parlso.  Jr ■■  1.  «« 

«T-  ineretore,  R^  ^  R,.  .  320  ohms  (360  ohms  nominal  value). 

This  circuit  was  also  evaluated  for  an  Rf  *  250  ohms. 
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0¥)  AOiqnoiUd 


-40  -30  -20  -10  0>  10  20  30>  40  SO  60  70 
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Figure  C-3.  Frequency  vs.  Temperature  for  IZO-MC  OscillatoT 


APPENDIX  D 

i20=MC  OSCILLATOR  USmO  2N834  TRANSISTOR 

Object: 

la  view  of  the  wide  oscillator  frequeacy  toleraace  aad  low  effiGieacy  of  the 
120-MC  OsGlllator  usiag  a  2N22l7|  the  Object  was  to  attelapt  to  achieve  Comparable 
output  power  usiag  a  traasistor  of  lower  power  ratings  The  basis  for  this  approach  ‘ 
was  that  a  traasistor  havlag  smaller  juactioa  areas  would  have  equal  stability  at  higher 
Rl  values,  thereby  improviag  the  efficleacy. 

The  evaluatioa  of  the  oscilRitor  showed  ao  improvemeat  in  efflcieacyi  The 
power  output  dropped  by  26  perceat  compared  with  the  previous  desiga,  while  the  DC 
power  input  also  dropped  by  20  perceat. 

The  temperature  stability  of  the  oscillator  was  improved  over  the  previous 
desiga  having  a  value  of  ±0.0037  perceat,  an  improvemeat  of  ±0.0015  percent.  This 
is  possibly  due  to  lower  amplRier  gain  used  in  this  desiga. 

120^MC  TRANSISTOR  OSCILLATOR  DATA 
Oscillator  Design  and  Evaluation  Sheet 

Active  Element:  Transistor  Manufacturer's  Type  No.:  2N83_4 

Crystal  (s)  Used  Resonant  Frequency  Series  Resistaace 

CR^56/U  120. 0005  MC  38  Ohms 


Descriptioa  of  Oscillator  Type 
Crystal;  Series 

Active  element  configuration:  Grounded  Base 
Feedback  trsnsfornier  configuration:  Capacitive  Divider 


D=1 

i’ 


Figure  Fre^enGy  Versus  femj^rature,  2N834  transistor  at  120  MC, 

Cj  =  50  UUF 

Details  of  Dsslgn  galGulstio&s 


gain  and  Input  resistance  of  the  ampimer*  the  remaining  circuit  component  values  are 
determined  as  follows: 

A  working  power  gain  of  450  was  selected  corresponding  to  «  390  ohms 
and  Rj^Q  ^  150  ohms.  The  crystal  resonance  resistance  Ry  Ttinv  ^  50  ohms.  Therefore: 

Rg  ^  Rig  +  Rj,  -  200  ohms 


G'  -  Op  .  Jta  =  340 

p  t'  _ 

*>8 


Using  a  safety  factor  of  2  gives: 


2j  .  170 
2 


D-3 


I 


G'b 

^FB  ~  "2  *  ^ 

Using  a  Gapacltive  divider  feedback  network|  the  relevant  equations  are: 

Rnn  /Gi  ^  Go  \ 

transforination  Ratio  =  =  330  =1  ) 

R,  \  Cl  J 

or  Cg  @  i7Cj 

Let  C  =10  UUFi  thenC  =  170  UUF 
1  ^ 

Optimum  crystal  drive  level  (1  to  5  MW)  was  obtained  with  =  50  UUFi 
The  phase  lead  introduced  by  the  capacitive  divider  is: 

6  =  ^  tan*l  w  (Cj  +  C2  )  Rg 

5;  7°  for  c.  =  50  UUF 
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APPENDIX  E 

76-MC  OSCILLATOR  USING  2N2219  TRANSISTOR 


Object; 

The  object  was  to  develop  as  much  power  output  as  possible  while  main« 
taining  the  crystal  dissipation  below  the  2  MW  maximumi 

This  design  followed  the  120^MC  high  power  oscillator.  The  2N2217  ^  2N2219 
types  were  again  selected  for  evaluation.  At  this  frequency  the  2N2219  had  the  best 
power  gain^to^input  resistance  charaeteristiCi  When  converted  to  an  oscillator  and 
the  feedback  network  optimized,  the  performance  was  surprisingly  poor;  i.e^ ,  the 
power  output  was  only  lOO  MW. 


After  several  values  of  load  resistance  and  feedback  network  were  attempted 
without  any  improvement,  it  was  decided  to  partially  neutralize  the  transistor  so  that 
Operation  with  a  larger  value  of  load  resistor  would  be  possible.  The  neutralizing 
scheme  consisted  of  connecting  a  coil  of  0. 15  UH  across  the  crystal  socket.  Re^ 
testing  the  circuit  on  the  RX  Meter  (crystal  removed)  gave  the  improved  curves  of 
Figure  £•‘2.  These  curves  show  stable  gain  characteristics  for  R-p  -  900  ohmst 

In  practice  the  maximum  value  was  500  ohms  before  tuning  hysteresis  occurred# 

The  neutralized  oscillator  displayed  a  much  improved  power  output  (170  MW), 
but  the  surprising  characteristic  was  a  frequency  stability  with  temperature  of  ^.0013 
percent#  This  is  approximately  one^third  of  that  typically  obtained  with  previous 
transistor  oscillators.  No  further  evaluations  were  made,  and  it  is  undetermined 
whether  this  was  a  freak  occmrrence  or  whether  the  neutralizing  was  influential  in  this 
improvement. 

75-MC  TRANSISTOR  OSCILLATOR  DATA 
Oscillator  Design  and  Evaluation  Sheet 


Active  Element:  Tiansistor  Manufacturer's  Type  No. ;  2N2219 


Crystal  (s)  Used  Resoimnt  Frequency  Series  Resistonce 


CR«56/U 


E=1 


74. 9995  MC 


38  ohms 


DesGrlption  of  Oscillator  T^e 
Crystal:  Series 

Active  element  coMigimatioA:  Orouaded  Base 


Feedback  teansformer  configuration:  Capacitive  Divider 


Using  the  notation  and  design  equations  of  the  Final  Report  and  the  measured 
gain  and  input  resistance  of  the  amplifier,  the  Femaining  component  values  were  dC’^ 
termined  as  follows  for  the  partially  neutralized  circuit  case; 

A  power  gain  of  88  was  selected  corresponding  to: 

R-j.  -  470  ohms,  Riji  -  45  ohms 

The  crystal  resonance  resistance,  Rj,  =  50  ohms  max: 


®^s  ®Hn  *  -r 


05  ohms 


G, 


X 


42 


ir 


LOAD  RESISTANCE,  %  (OMMS)i 

Figure  E-3.  Input  Resistance  and'  Power  Gain  of  2!Ni22:3!7!-19  Transistors  at  "ZSi  MC 


Using  a  safety  factor  of  2  gives: 

G‘d 

^  =  21 

=  21  X  470  =  9.9  K 

Using  a  capacitive  divider  feedback  network,  the  relevant  equations  are: 


or  9G 

2  1 

Letting  =  9  UUf  gives  ^  72  UUF 

Optimum  crystal  drive  level  (1  to  1,6  MW)  was  obtained  for  €2  100  UUF. 

The  phase  lead  introduced  by  the  capacitive  divider  is: 

0  m  9(p  ^  tan^l  W  (Cl  +  €2  )  Rg 
=  10° 


E^S 


DESIGN  1EVAI.DATION  DATA,  75-MC  TRANSISTOR  OSCILLATOR 


APPENDIX  B‘ 

100=MC  TUBE  OSCILLATOR  USING  57 ISA  SUl-MlNlATURE  TRIODE 


Object: 


This  design  and  the  one  at  200  MC  using  the  57  ISA  tfiode  were  the  first  ones 
attempted  using  tubes.  The  object  was  to  determine  the  difficulties  that  would  be  en^ 
countered  in  tube  oscillator  design  at  these  higher  frequencies . 

Design  Details : 

The  physical  layout  followed  as  closely  as  possible  the  one  previously  used  in 
the  transistor  oscillators.  However >  because  of  the  physical  bulk  of  the  tube,  changes 
were  necessary  and  the  layout  showm  in  Figime  F^l  was  used. 


Difficulty  was  experienced  in  establishing  this  design;  several  redesigns  of 
the  grid  and  cathode  circuits  were  necessary  before  a  successful  oscillator  was  ob¬ 
tained.  Initially,  the  circuit  was  constructed  with  the  grid  directly  grounded  and  the 
cathode  connected  to  ground  via  a  J-UH  choke.  This  arrangement  was  unsatisfactory 
because  of  uncontrolled  oscillation  that  could  be  tuned  in,  in  addition  to  the  desired 
crystal  controlled  oscillation.  After  several  grid  and  cathode  circuit  redesigns  were 
made,  the  circuit  shown  in  Figure  F-2  was  found  to  give  stable  crystal  controlled  os-^ 
cillation. 


F=l 


Conclusions: 


BeGSuSe  of  the  amount  of  experimental  work  involved  in  develdping  a  satls^ 
factory  oscillator  j  this  design  cannot  be  claimed  as  a  successful  example  of  the  dO'^ 
sign  procedure i  the  information  obtained  from  the  design  measurements,  while  being 
sufficient  to  determine  the  feedback  requirements  for  the  crystal'^controiled  oscillation 
at  100  MC ,  did  not  predict  the  instability  that  occurred  at  adjacent  frequencies. 

This  possibility  is  noted  in  the  Final  Report.  However,  it  can  justifiably  be 
ignored,  since  these  undesired  effects  did  not  occur  in  the  majority  of  the  oscillators 
constructed  using  the  design  procedure.  This  design  and  the  one  at  200  MC  using 
the  same  tube  t^e  proved  to  be  exceptions  to  the  rule. 

Some  of  the  possible  reasons  for  the  uncontrolled  oscillation  are  given  below: 

(a)  Feedback  through  the  un^neutralized  crystal  Cq  undoubtedly  had 
some  effect,  since  the  circtut  was  Stable  with  the  crystal  removed. 
However,  this  feedback  alone  is  insufficient  to  cause  oscillation, 

Since  a  Co  of  7  PF  has  a  reactance  of  230  ohms  at  lOO  MC . 

This  is  incompatible  with  the  loop  gain  requirements  for  the  feed^ 
back  ratio  used. 

(b)  Inductive  coupling  between  output  tuning  eoil  and- the  cathode  choke. 
Because  of  the  single^ended  layout  of  the  tube,  the  RF  shielding 
was  poor  in  the  vicinity  of  the  tube  base.  However,  the  circuit 
when  tested  as  an  amplifier  did  not  show  any  tendency  toward  in^ 
stabiUty. 

(c)  The  grid  circuit  had  an  important  bearing  on  the  instability,  and 
there  appeared  to  be  positive  feedback  via  this  circuit. 

lOO-MC  TWBE  OSCILLATOR  DATA 

Oscillator  Design  ami  Evaluation  Sheet 

(Test  results  obtained  with  diode  limiting) 

Active  Element:  Tube  Mantrfacturer's  Type  No. :  §?18A 

Crystal  Used  Resonant  Frequency  Resonance  Resistonce 

CR^^Sd/U  99.9998  MC  29  ohms 

Description  of  Oscillator  Type 

Active  element  configiuration:  Qrounded  Grid 

Feedback  transformer  configuration:  Capacitive  Divider 


F-2 


NOTES 

ALL  GAPAGltdRd  IN  UUF 
UNLESS  OTHERWISE  NOTED 

ip  *  10  MA 


Figure  Oscillator  Circuit,  5718A  Tube  at  100  MC 


Details  of  Design  Calculations 


Usiog  the  hotatioh  and  design  equations  of  the  Final  Report  and  the  aieasured 
gain  and  input  resistance  of  the  amplifier,  the  remaining  circuit  component  values  are 
determined  as  follows; 


The  working  point  selected  was  ^  12,  Riq^^  190  ohins,  and  Rj  ^  SK. 


For  ®r  max  ^  60  ohms: 


®S  ”  %  *  ®in  250  ohms 
»iii 

G’p  =  Op  ,  ^  =  9 


2 


'FB 


^  ^  X  Err  ^ 
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Figure  F-S,  Input  Resistance  and  Power  Ciain  Versus  Ijoad  Resistance, 

5718A  Tube  at  100  MC 
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DESIGN  EVALUATION  DATA,  100-MC  TUBE  OSCILLATOR 
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APPENDIX  G 


ISO^^MC  tube  OSCILLAtOE  USING  8058  NUVlSTOE 

Object: 

Alternative  tube  types  were  reviewed  as  a  result  of: 

(a)  The  difficulties  experienced  with  the  oscillators  using  the  57 18 A 
tube  in  progressing  from  the  design  and  measurements  stage  to 
a  finalized  oscillator 

(b)  A  clearer  knowledge  of  the  characteristics  required  of  the  tube 
in  an  oscillator  circuit 

The  desirable  characteristics  are  discussed  in  the  high-frequency  design  procedure 
section  of  the  Final  Report  and  will  not  be  restated  here^  Based  on  these  considerations  ^ 
the  nuvlstor  triode,  type  8058,  was  selected  for  experimental  evaluation.  The  object 
was  to  determine  if  a  finalized  tube  oscillator  could  be  designed  by  a  straightforward 
afqpUcatlon  of  the  design  procedure,  without  recourse  to  experimental  methods. 

The  physical  layout  of  the  circuit  is  shown  in  Figure  14  of  the  Final  Report 
and,  as  can  be  seen,  the  construction  of  the  tube  resulted  in  good  shielding  between 
itqtut  and  output  circuits.  The  only  adjustment  required  to  finalize  this  oscillator 
consisted  of  increasing  €2  from  3  UUf  to  5  UUF  with  a  corresponding  adjustment  of 
the  Umiter  diode  biasing  resistor.  In  this  case  the  allowable  plate  swing  before 
crystal  overdrive  was  10  VRMS. 

Conclusions: 

No  ddficulties  were  experleneed  in  finalizing  this  oscillator,  and  this  appears 
to  be  due  maMy  to  the  better  isolation  between  input  and  output  sections  of  the  tube. 
Isolation  was  aided  by  the  considerably  better  RF  shielding  that  can  be  aimlied  to  the 
external  circuitry  of  a  tube  of  planar  or  semi-planar  constouction. 

In  comparing  the  evaluation  data  of  this  design  with  the  one  at  200  MC  using 
the  same  type  of  tube,  the  following  items  stand  out: 

(a)  The  frequency  stability  of  this  oscillator  as  a  function  of 
temperature  is  lower  by  a  factor  of  2,  In  view  of  the  simi¬ 
larity  of  the  circidts  and  circuit  components  in  the  two 
oscillators,  it  appears  that  this  may  be  attributable  to  dif¬ 
ferences  in  the  crystal  temperature  characteristics.  No 
verification  of  this  has  been  made. 


O 


(b)  Both  the  l50  MC  and  the  200  MC  oscillator  data  indicate  that 
this  tube  is  critically  dependent  on  filament  Supply  voltage »  the 

ratio  —  2.5.  The  cathode  appears  to  be  running  under 

temperature  limited  conditions ,  and  for  many  oscillator  applicationi 
a  stabilized  heater  supply  would  be  required.  (Another  posilbillty 
would  be  to  replace  the  limiter  diode  biasing  resistor  with  a  zener 
diode,  thereby  stabilizing  the  limiting  voltage.) 

150»MC  NtJVKTOR  OSCILLATOR  DATA 

Oscillator  Design  and  Evaluation  sheet 


Active  Element:  Nutdstor 


Manufacbirer's  Type  No. :  1068 


Crystal  Used 


Resonant  Fretpiency 


Series  Resistance 


Similar  To 


CRr66/U 


tj50. 0220  MC 


47  Ohms 


Description  of  Oscillator  Type 
Crystal:  Series 

Active  element  coitfigiyration:  Orqun|^  Orid 

Fee Aack  transformer  configuration:  Capacitive  PLytder 


as«i4 


0.06  UH 


X  X 


10  UH  I.0UM 


i.oOHi  ao 


•QVOC 


NOTES 

AU  CMACITORS  IN  UUE 
UNllSS  OtHERWISE  NOUP 


1  FPEOO'T  ?S  'IO 
1000  llEOO  . 


Lx  RCSONAtSS  WITH  Cp  OF 
GfIVfTM.  V 


Ffgiu'e  Q-’l.  OsclUator  Circuit,  8058  Nuviitor  at  150  MC 


Details  of  Design  Calculations 


Using  the  notation  and  design  equations  of  the  Final  Beport  and  the  Measured 
gain  and  input  resistance  of  the  amplifier,  the  remaining  component  values  are  de^^ 
termined  as  follows: 

A  working  point  on  the  amplifier  characteristics  was  selected  corresponding 
to  Gp  =  39,  =  2.7KandBjQ  -  80  ohms »  Using  TOSv(^^yhtal  series  arm 

resistance)  -  100  ohms  gives: 

fig  =  180  ohms 
G'p  ^  17 

and  =  9 

Therefore,  fipg  ?=  9  x  2.7  K  -  24K 

and  fit  ^  ^  3  K 

fe  8 

The  voltage  measuring  probe  parallel  resistance  ^  50  K  and  the  effective 
parallel  coil  loti  resistance  -  23  The  actual  load  resistance  required  to  give 
fij^  »  3  K  was,  therefore,  3.4  K  (5.  l  K  nominal  value). 

Using  a  capacitive  divider  feedback  network,  the  relevant  equations  are: 

fipB  f 

Transformation  fiatio  ^  135  =  I 

\ 

giving: 

llCi  C2 

For  C2  -  50UUF,  Cj  =  4.5  UUF 

The  actual  value  of  Ci  used  was  5  UUF  (nominal). 

The  phase  lead  introduced  by  the  capacitive  divider  is: 

$=  6° 


G-3 


FRCQUENCY  (KC) 


UOAO  RE^TANCE,  Rj  (OHMS) 

Figure  0-2,  Input  Beslstanee  and  Power  Gain  Versus  Load  Besistance 

S058  Nuvistor  at  150  MC 
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Figure  G-3,  Frequency  Versus  Temperature,  8058  Nuvistor  at  150  MC 


APPENDK  H 
200-MC  TUBE  OSCILLATOR  USING  5718A 

Object: 

This  design  actually  preceded  that  of  the  lOO^^MC  oscillator  using  the  satne 
tube  type.  The  object  was  to  determine  design  difficulties  using  tube  circuits  at  this 
frequency, 

The  physical  circuit  layout  was  the  same  as  that  used  for  the  100-MC  tube 
oscillatori  as  shown  in  Figure  F-l. 

Design  Details: 

Initlallyj  this  oscillator  was  constructed  with  an  RC  network  in  the  grid  to 
provide  limiting  action  and  with  a  choke  in  the  cathode  to  reduce  shunt  losses  in  the 
feedback  path.  The  resulting  oscillator  was  unsatisfactory  due  to  "squegging"  (a 
relaxation  type  modulation  of  the  oscillator  output  due  to  the  action  of  the  grid  circuit 
time^constant)  and  to  uncontrolled  oscillation.  Adjustment  of  the  grid  time  constant 
Cured  the  "squegging",  but  it  was  necessary  to  replace  the  cathode  choke  with  a 
resistor  to  prevent  the  uncontrolled  oscillation.  The  remaining  defect  in  the  oscillator 
was  crystal  overdrive.  It  was  found  impractical  to  remedy  this  by  B+  and  grid  circuit 
adjustments ,  and  the  diode  limiting  circuit  was  incorporated  into  the  design  to  give  the 
necessary  limiting  action.  After  these  changes,  the  oscillator  performed  well  as 
shown  in  the  accompanying  data  sheet. 

Conclusions: 

Many  of  the  remarks  concerning  the  lOO’^MC  oscillator  are  applicable  to  this 
design .  This  oscillator  exhibited  the  same  tendency  to  uncontrolled  oscillation  until 
circuit  changes  were  made  in  the  grid  and  cathode  circuits,  In  this  case,  however, 
stabilizing  the  circuit  was  easier,  the  amount  of  experimental  adjustment  required 
being  far  smaller;  no  explanation  is  available  for  this  discrepancy. 

The  difficulty  in  keeping  the  crystal  drive  within  permissible  limits  is  due  to 
the  low  gain  in  the  amplifier  portion  of  the  circuit  and  the  relatively  large  linear  signal 
handling  properties  of  a  vacuum  tube.  In  this  design,  the  plate  voltage  had  to  be  limited 
to  less  than  4  VRMS  to  prevent  crystal  overdrive.  When  it  is  considered  that  plate 
voltages  of  lOOV  or  more  are  required  to  optimise  the  gain,  it  is  easily  seen  that  external 
limiting  methods  are  necessary. 


H=l 


200=MC  TUBE  OSCILLATOR  DATA 


Oscillator  PestCT  and  Evaluation  Sheet 
Active  Element;  Tube  Manufacturer's  Type  No* ;  5718A 

Crystal  Used  Resonant  Frei^ency  Series  Resistance 

Similar  to 

CR-57/U  199.9996  MC  88  ohms 

Description  of  Oscillator  Ti^ 

Crystal;  Series 

Active  element  configuration;  Grounded  Grid 
Feedback  transformer  configuration;  Capacitive  Mvider 


NOTES 

ALL  CAPACITORS  IN  UUF 
UNLESS  OtHERWISi  NOTEO 

Ip  *  10  MA 

Lx  RESONATES  WITH  CqOF 

crystal  Y 


Figure  H’^1.  Oscillator  Circuit,  5718A  Tube  at  200  MC 


Details  of  Design  Calcutotjons 

Using  the  notation  and  design  ecpations  of  the  Final  Report  smd  the  measured 
gain  and  input  resistance  of  the  amplifier,  the  remaining  circuit  component  values 
are  determined  as  follows; 


Thr  working  point  was  selected  at  Bip  =  1.6K,  Gp  =  12,  -  126  ohms. 


Using  a  crystal  series  resistance  value  of  166  ohms  gives: 


Rg  =  Rjij  +  Rj^  -  226  ohms 

G'p  =  6.6 


2j 


=  3.3 


G’p 

®F1  “  "Y  * 


5.3  K 


(including  voltage  measuring \  ^ 
probe  and  coil  losses  / 


R 


FI 


2.3  K 


Using  a  capacitive  divider  feedback  network,  the  relevant  equations  are: 

Rvn 

Transformation  Ratio  =  ^  24  ^ 

«s 

giving,  C2  ^  4Ci 

For  C2  ^  25UUF,  Cl  ^  6UUF 

The  actual  Value  of  C 1  used  was  8  UW . 

The  voltage  measuring  probe  parallel  resistance  was  8  K  and  the  effectivi 
parallel  loss  resistance  of  the  coil  was  8  K;  that  is,  a  parallel  combinaUQn  of  4  K. 
The  actual  loading  resistance  value  required  to  make  the  total  load  resistance,  Rl 

2.3  K  was  therefore  5.4  K.  The  actual  value  used  was  5  K  (13  K  nominal  value). 
The  phase  lead  introduced  by  the  capacitive  divider  is  7^ . 


H-3 


APPENDIX  I 

200^MC  TUBE  OSCILLATOR  USING  8058  NUVISTOR 

This  circuit  is  essentially  similar  to  that  used  in  the  ISO^C  oscitlator 
(Apimndix  0)i  and  the  comments  made  concernihg  the  design  and  performance  of  that 
oscillator  are  directly  applicable. 

200-MC  NUVISTOR  OSCILLATOR  DATA 

Oscillator  Design  and  EyajuatiPh  Sheet 

Active  Element:  Nuyistor  Manufactorer's  Type  No. :  fi058 


Crystal  Used  Resonant  Frequency  Series  Resistance 

Similar  to 

CR-S6/U  199.9990  MC  88  ohms 


Description  of  Oscillator  Type 
Crystal;  Series 

Active  element  configuration:  Qrosmded  Grid 


feedback  trinsformer  configuration:  Capacittye  Divider 


serfs 

ALL  CAPACITORS  IN  IIIUF 
UNLESS  OTHERWISE  NOTED 

Ip  *  10  MA 

Lx  RESONATES  WITH  Cq  OF 
CRYSTAL  Y 


Figure  I”l.  Oscillator  Circuit,  8058  Nyvistor  at  200  MC 


pjetalli  M  OBilgn^^^ 

Using  the  notation  and  desi^  equations  of  the  Final  Report  and  the  measured 
gain  and  input  resistance  of  the  Sinpllfieri  the  remaining  eireuit  eomponmit  values 
are  determined  as  follows  for  the  ampMier  oharaeterized  by  condition  Not  1  (see 
Ftgmre  1«2). 


A  working  point  was  selected  at  R*  j  =  2. 5 
Gp  =  gS,  R|q  ^  75  ohms,  R^  niav  =  100  ohms 


2 

®FB 

H 


175  ohms 


2Rb*  S 


X.  Rn 


^Fi 


s  2.7 


-  1 


12.5 

31  K 

K 


2 


The  coil  losses  are  already  acounted  for  in  the  amplifier  curves,  so  in  this 
case  R^  consists  of  the  actual  loading  resistor  in  parallel  with  the  voltmeter  probe 
effective  parallel  resistance.  The  value  of  the  latter  was  8  K,  requiring  that  the 
loading  resistor  be  4, 2  K  to  give  R|^  f  2^ 7  K.  The  loading  resistor  used  had  a  nominal 
10  K  value  corresponding  to  an  actunl  resistance  of  4.5  K  at  this  frequency. 

Using  a  capacitive  divider  feedback  network,  the  relevant  equations  are: 


Transformation  Ratio  ??  ^  177  = 

«*s 

or  C2  ^ 

Therefore,  for  C 2  ^  25UUF,  Cj,  =  2UUF. 


The  value  of  Ci  used  was  3  UUF. 


Figlire  1^3.  Frequency  Versus  Temperature,  8058  Nuvistor  at  206  MC 


DESIGN  EVALITAITON  DAtA,,  200^MC  TUBE  OSCILLATOR  8058 


Output  ¥oI1 


APPENDIX  J 


l-KC  fWO^STAGE  TtSE  OSCILLAfOR  USING  12AX7  (WIEN  BRIDGE) 

Object: 

In  this  design  the  object  was  to  determine  the  factors  influencing  the  oscillator 
performance  ^ 

The  initial  plan  was  to  use  a  resistive  divider  feedback  network  to  supply  the 
feedback  power,  but  this  method  proved  unusable  because  of  the  lack  of  frequency 
selectivityi  Oscillation  at  a  high  audio  frequency  occurred  due  to  feedback  via  the 
crystal  Gqi  Replacing  the  resistive  divider  with  the  Wien  Bridge  network  added  the 
selectivity  required  to  prevent  this  parasitic  oscillation.  No  other  d^iotdties  were 
e^erienced  in  finalizing  this  design. 

Conclusions: 

The  performance  of  the  oscillator  as  shown  by  the  evaluation  data  was  satis « 
factory,  having  a  performance  approaching  that  of  the  high»frequency  oscillators. 

No  difficidties  should  be  met  in  designs  of  this  type,  provided  that  frequency 
selectivity  is  introduced  into  the  oscillator.  Crystal  overdrive  does  not  constitute  a 
major  problem  because  of  the  high  available  gain.  The  major  disadvantage  is  the  eir« 
cuit  complexity. 

l^KC  TWO^STAGE  tube  oscillator  (WIEN  BRIDGE) 

Oscillator  Design  and  EvaluatiQn  Sheet 

Active  Element:  Vacuum  Tube  Manufacturer's  Type  No.:  12AX7 

Crystal  Used  Resonant  Frequency  Resonance  Resistance 

T=9J  999.93  CPS  55  K  Ohms 


Description  of  Oscillator  Type 
Crystal:  Series 

Active  element  configuration;  Qrounded  Cathode 


J-1 


Feedback  transformer  configuration:  Wien  Bri^e 


Delittls  of  I^8l@  CalGuiatidns 

With  this  type  of  oirotht  it  is  convenieiat  to  deter inine  the  loop  Vpltage  gain 
rather  than  the  power  gain.  The  amplifier  voltage  gain  from  the  grid  of  to  the 
Plate  of  V2  is; 


Ov 


Ul  BLl  ^  ^2  ^L2 

*  KL2+Sp2 


the  biasing  conditions  shown  dp  ^  0.5  MA,\^ 

^  U2  ^  100,  Rpi  =  Bp2  ^  85  K 
^  970 

This  assumes  that  the  loading  of  the  feedback  network  is  negligible  (Condition  1). 

The  voltage  attenuation  of  the  feedback  network  can  be  calculated  as  follows: 


For 

Ul 

Xi 

W 


For  this  type  of  crysiali  =  200  K.  Therefore,  the  voltage  attenuitlon 

between  the  cryatal  input  and  grid  input  is: 

^  ^  .. 

®  R^,  +  200  K 

gl 

If  the  loading  of  on  R|^  is  BBBiitned  Bmall  (Condition  2),  the 

attenuation  between  points  X  and  Y  (Figure  J»l)  is: 


The  attenuation  froin  the  plate  of  V2  to  point  X  is: 
^  at  the  bridge  "resonant"  frequency. 

The  total  attenuation  is  therefore: 

A^  ^  Aq  X  Ay  ,X  A^ 


To  satisfy  Condition  1  the  feedback  network  should  appear  as  at  least  10  times 
R^2i  ^hat  is,  not  less  than  300  K.  Section  4. 7.4  of  the  Final  Report  shows  that  the 

effective  parallel  resistance  of  a  R^en  Bridge  network  is  equal  to  three  times  the  value 
of  the  resistive  elements  of  the  bridge.  Therefore,  a  value  of  100  K  for  these  elements 
satisfies  Condition  1. 

The  value  of  Rj.  +  Rg  cannot  be  less  than  200  K,  and  therefore  a  value  of 
R{j  less  than  20  K  will  satisfy  Condition  2. 

The  loop  voltage  gam  from  the  input  of  the  Wien  Bridge  network  to  the  plate 
of  V2  is  therefore: 

'I  *  Rg  +  Rb  *  Rgj  X  200  K  * 

Letting  Rg  +  Rb  ’  100  K,  Rb  «  15  k,  and  equating  GyL  -  1.4  (loop  power  gam  -  2) 
gives: 

Rgl-6K 

The  requirement  for  zero  loop  phase  shift  is  that: 

CiRj^CgRg  ^  ^"  2  (refer  to  Wien  Bridge  analysis) 


J=3 


where  the  effects  of  amplifier  output  resistance  and  crystal  loading  are  taken  into 
account  in  the  values  of  Rj.  and  R^,  respectively.  For  the  particular  feedback  net¬ 
work  used,  the  calculation  of  is  as  follows: 

For  the  Crystal  used,  =  55  K  and  therefore  R]j  in  parallel  with  R^  + 

Rgl  is  12  K. 

Therefore,  R^  =  112  K. 

The  output  resistance  of  V2  is  30  K  in  parallel  with  Rp  -  $5  K;  that  is,  22  K,  There¬ 
fore  R^  =  122  K,  C  j  is  equal  to  1600  UlfF  in  series  With  3000  tltlF;  that  Is,  1040  tJUF 
and  Cg  -  1600  UUF.  Therefore, 

o  [CJR1C2R2]  1/2 
=  6620 

or  fo  =  1050  CPS 

The  calculated  fo  based  on  component  nominal  values  agrees  to  within  5  percent  of  the 
actual  fo  which  was  experimentally  adjusted. 

The  network  would  be  more  optimum  if  the  values  of  Rp  and  Rg|  had  been 
interchanged;  changes  in  the  value  of  R^  would  then  have  less  effect  on  loop  phase 
change,  since  R2  would  be  more  nearly  constant. 

The  maximum  permissible  output  voltage  before  crystal  overdrive  occurs  can 
be  determined  by  considering  the  feedback  network  when  Rj.  ^  Rj.  which  Is 

assumed  to  be  20  K,  For  Rg^  -  5  K  the  crystal  dissipation  will  be  10  UW  for  an  in¬ 
put  power  of  12,5  tJW  into  R^  and  Rg^  in  seriest  This  corresponds  to  a  voltage  of  0.56  V 
at  point  y.  Figure  J-l,  The  voits^e  at  point  X  is  therefore: 

Vx  ^  X  100,000  ^  4.1V 

^  15000  » 

Since  the  voltage  at  the  Wien  Bridge  network  is  three  times  Vx ,  the  oscillator 
output  voltage  before  crystal  overload  occurs  is  approximately  12  V.  Ibis  is  not 
completely  accimate,  since  the  network  used  does  not  completely  satisfy  the  Men 
Bridge  coitoitions. 


J-4 


I® 


[*«  on  Output  Voltage 


APPENDDC  K 


3-KC  T\VO=STAGE  TUBE  OSCILLATOR  USING  12AX7  (MEN  BRIDGE) 

This  desigti  was  based  on  the  l^KC  osclilatof  of  the  saihe  ty^,  the  sole  ad- 
Justiheat  belDg  In  the  values  ef  capaeltance  used  In  the  feedback  network.  All  eominents 
concemihg  the  l^KC  Wien  Bridge  Oscillator  arc  applicable  to  this  oscillator. 

3-KC  TWO-STAGE  TUBE  OSCILLATOR  (WIEN  BRIDGE) 

Oscillator  Design  and  Evaluation  Sheet 

Active  Element:  Vacutua  Tube  Manufacturer's  Type  No. ;  IMX? 


Crystal  Used  Resonant  Frequency  Resonance  Resistance 

T-9XY  2999. 6  CPS  SO  KUohms 

Description  of  Oscillator  Type 
Crystal:  Series 

Active  element  configuration:  Common  Cathode 


Feedback  transformer  configuration:  Wien  Bridge 


Details  of  Design  Calculations 


The  design  calculations  for  this  oscillator  are  the  same  as  in  Append  J 
with  the  exception  of  the  Wien  Bridge  network  capacitor  value.  In  this  case  C^  equals 

470  UUF  in  series  with  2400  UUF  (390  UUF)  and  Cg  ^  470  UUF.  Inserttog  theSe 
values  into  the  equation: 

"[CiRiCgRi]  1/2 

Gives  Wq  ^  18,300 

Or  fo  =  29500  CPS 

The  design  calcidation  again  gives  good  agreement  between  calculated  and 
experimentally  adjusted  network  values. 


Figture  K'li-l.  S-^KC  Wien  Bridge  Oscillator 


APPENDIX  L 

1-KC  SINGLE-STAGE  TimE  (12AT7)  OSCILLATOR  USING  THE  QUARTZ  CRYSTAL 

TO  GIVE  PHASE  INVERSION 

ObjeGt: 

This  type  of  cirOuit  Is  discussed  briefly  in  Reference  3^  Paragraph  7^0  of  the 
Final  Report,  and  the  object  of  this  design  was  to  develop  a  suitable  design  method 
and  to  determine  any  disadvantages  of  the  circuits 

Design  Details: 

The  first  requirement  in  establishing  a  design  procedure  was  to  determine 
the  transfer  characteristic  of  a  crystal  connected  as  a  four-terminal  aetworki  The 
best  method  found  is  described  in  the  design  calculation  discussion  and  depends  on 
having  a  signal  generator  of  good  short-term  frequency  stability  <  The  Hewlett- 
Packard  260CD  Signal  Generator  was  adequate  for  this  pimpose,  Once  this  informa¬ 
tion  was  known,  the  finalizing  of  the  oscillator  was  straightforward. 

The  power  transfer  efficiency  of  the  crystal  varied  somewhat  depending  on  ihe 
value  of  the  output  load  resistor  used,  and  the  optimum  condition  of  operation  was  not 
clear.  Several  evaluations  were  merefore  run  for  various  values  of  loading  resistoi' 
which,  in  the  oscillator,  is  the  grid  leak  resistor  Rg.  No  feedback  network  adjust¬ 
ments  were  made  as  R^  was.  varied,  and  consequently  the  loop  gain  increased  by  a 
factor  of  2. 7  for  the  Rg  ~  1  MEGO  evaluation  over  that  for  Rg  ^  2Q0  K. 

Conclusions : 

The  value  of  Rg  used  had  negligible  effect  on  the  oscillator  performance.  It 
would  appear  that  the  highest  value  of  Rg  consistent  with  the  maximum  permissible 
value  for  the  particular  tube  type  should  be  used,  in  view  of  the  improved  transfer 
efficiency  for  high  values  of  Rg. 

The  evaluation  data  indicates  a  sl^ht  improvement  in  performance  for  the 
higher  values  of  Rg,  partic^arly  in  the  effect  of  changes  on  power  output, 

Insvlficient  data  was  obtained  to  determine  the  influence  of  the  crystal  Rj. 

on  performance.  The  tabulated  data  shows  that  the  crystal  input  impedance  stays  con¬ 
sistently  approximately  300  K  higher  than  the  value  of  output  load  resistor  used.  This 
value  of  300  K,  the  input  resistance  with  the  output  short-circuited,  is  a  value  5.5 
times  greater  than  the  resonance  resistance  of  this  particular  crystal  when  coimected 


as  a  two^termlnal  device  i  This  fiiay  or  may  not  be  cotneidentaL  if  the  deduction  is 
valid,  it  may  be  possible  to  extrapolate  the  results  of  this  test*  A  crystal  with  - 
200  K  (the  assumed  maximum  value  or  R^)  could  be  expected  to  have  an  input  resis^ 

tance  of  1  MEOO  with  the  output  shorted,  or  2  MEGO  for  a  load  resistance  Of  1  MEGO* 
The  effiGiency  would  be  approximately  40  percent*  These  assumptions  have  not  been 
verified* 

The  work  done  on  this  circuit  is  not  sufficient  to  establish  a  complete  design 
procedure  for  the  reasons  given  in  the  preceding  paragraph*  Nevertheless,  the  sim> 
plicity  of  this  oicillator  circuit  makes  it  the  recommended  choice  for  vacuum  tube 
oscillators  below  16  KC  * 

1-KC  SINGLE-STAGE  TUBE  OseiLLATOR  USING  THE  QUARTZ  CRYSTAL 

TO  GIVE  PHASE  INVASION 

Oscillator  Design  and  jBvaluation  Sheet 
Active  Element:  Tvbe  Manufacturer's  Type  No.:  12AT7 


Crystal  Used  Resonant  Frequency  Resonance  Resistance 

T9J  999,93  CPS  55  K 

Description  of  Oscillator  Type 
Crystal:  Series 

Active  Element  Configuration:  Grounded  Cathode 


Feedback  Transformer  Configuration:  Resistive  Divider  with  crys^l  providing  phase  ‘ 

inversion 

Details  of  Design  Calculations 

Using  the  circuit  shown  in  Figure  L-2,  measurements  were  made  of  the.  power 
transfer  efficiency  of  the  crystal  connected  as  a  four^terminal  network  for  variovm 
values  of  R,  The  measuring  frequency  was  adjusted  to  give  phase  inversion  of  Vq  with 
respect  to  yq^,as  meastmed  with  a  dual  beam  oscilloscope.  The  results  of  these 
measurements  are  tabulated  below: 


L-2 


R 

Vo 

Vci 

vs 

Crystal  Input 
Resistance,  R'^^ 

Efficiency 

20K 

0.063 

0,50 

300K 

0.06 

200K 

0,420 

0.63 

510K 

0.45 

510K 

.  0.540  • 

0.75 

900K 

0.61 

750K 

0,610 

0.78 

1.1  MEGO 

0.54 

1  MEGO 

0.690 

0.81 

1.3  MEGO 

0,62 
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The  chafacteristtcs  of  a  12AT7  at  Ip  =  6»75  MA  are: 

U  =  35 
Rp  -  35  K 

17  K  gives  a  voltage  gain  of; 

12.4 

Introducing  a  loop  power  gain  safety  factor  of  2  gives: 

G'v  =  8.7 

The  crystal  filter  voltage  attenuation  for  R  -  Rg  -  200  K  is  given  in  the 

table  as  0.42.  Therefore,  the  voltage  gain  from  the  input  of  the  crystal  to  the  tube 
output  is: 

0"v  -  G'v  X  0-42  =  3.7 

To  reduce  the  loop  gain  to  unity,  the  attenuation  introduced  by  the  feedback 
divider  network  (assuming  the  loading  of  this  network  by  the  crystal  is  negligible) 
must  be: 

Ar 

.  ,  R2 

giving  ^ 

Rl 

Therefore,  for  Rj  -  100  K,  R2  “  36  K 

Since  the  crystal  input  resistance  is  510  K,  its  effect  on  A^  is  negUgible. 

Rj  consists  of  the  output  load,  the  feedback  load,  and  the  plate  supply  resistor,  The 

plate  supply  resistor  was  determined  previously  from  plate  voltage  Itinitilng  considera^ 
Rons  as  51  K,  and  the  feedback  load  is  approximately  130  K,  The  load  resistor  value 
is  therefore  33  K, 

The  crystal  power  Assipation  relative  to  the  power  into  the  crystal  is: 


Rj  +  Rg  G’ 


-  0.27 


-  0.37 


Using  a  value  of  R^  - 
u^Rt 

^  "  %  +  lp  " 


L.4 


Pc  ^  0.  55  Pin 
and  If  Pc  niax 

%  =  18UW 

ofVcj  ^  (Pin-R'f)^^^  -  3V 

The  oscliiator  output  voltage  before  crystal  overload  is: 

Vo  =  =  IIVRMS 

Ar 
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DESIGN  EVALUATION  DATA,  1-KC  VACUUM  TUBE  OSCILLATOR  (FOUR-TERMINAL  CRYSTAL) 


Chaise  in  T^  on  Output 
Voltage 


APPENDIX  M 

1-KC  TWO-STAGE  TRANSISTOR  OSCILLATOR  (TUNED  OUTPUT) 

In  this  circuit  the  amplifier  gain  is  well  in  excess  of  10^.  Consequently ^ 
there  was  no  difficulty  in  providing  adequate  loop  gain.  In  fact,  it  was  necessary  to 
severely  mismatch  the  crystal  to  limit  the  loop  gain  sufficiently  (note  the  2-K  resistor 
in  the  resistive  divider  feedback  network). 

No  difficulty  occurred  in  finalizing  the  design.  Other  methods  could  have  been 
used  to  give  the  necessary  selectivity.  For  example,  a  Wien  Bridge  network  could 
have  been  used  in  place  of  the  tuned  circuit  and  resistance  divider  network.  Further¬ 
more,  because  of  the  high  available  power  gain,  the  sacrifice  in  output  power  using  the 
Men  Bridge  would  not  be  unduly  large,  since  the  total  load  resistance  could  be  re¬ 
duced  appreciably  by  appropriately  increasing  the  feedback  power. 

1-KG  TWO-StAGE  TRANSISTOR  OSCILLATOR  (TIMED  OUTPUT) 

Oscillator  pes^.MiLd  Evaluation  Sheet 

Active  Element:  Transistor  Manufacturer's  Type  No. :  gNSag 

Crystal  Used  Resonant  Frequency  Resonance  Resistance 

T-9j  999.93  CPS  55  KRohms 

Description  of  Oscillator  Type 
Crystal:  Series 

Active  element  configuration:  Common  Emitter 
Feedback  toansformer  configuration:  Resistive  Divider 
Petals  of  Design  Calculations 

The  parameters  of  the  2N336  at  ^  1  MA  as  given  in  the  manufacturer's 
data  sheets  are: 

le  ^  IMA,  Vpb  ^  5V 

h{|j  ^  55  ohms 
hfb  -  -0.99 


M 


Figti^e  M^l.  i^KC  Ifwp^Stage  Ttansistof  Oscillator 

hyb  '  700  X  10‘® 

hpb  .  25  X  10"®  mhos 

giving  ^  ^ 

Transforming  common  emitter  parameters  gives,  for  ^  3  MA,  V^b 
hje  °  Kilohms 
bye  ^  10'® 

hfe  ^  120 

liQg  -  45  X  10”®  mhos 


Slmliarly>  for  Ig  =  0.4  MA,  Vgg  =  5  V 
h|g  =  9.7  K 

hft.  57 

hoe  -  12  X  10“®  mhos 


The  total  load  On  Q2  is  the  load  resistor  (3  K),  the  load  of  the  feedback  net^^ 
work  (set  at  50  K),  and  the  coil  loss  resistance  (35  K)  all  in  parallel,  constituting  a 
load  of  2. 6  K.  Using  the  parameters  for  le  ^  3  ^  aud  R>j>  =  2. 6  K  gives  the  second 

stage  gain: 


Gp2  —  15 , 000 
and 

Rin  (transistor  alone)  ^  1.9  K 


The  actual  input  resistance  of  the  second  stage  consists  of  R^q  in  parallel  with  7.5  K 
and  33  K  (6. 1  K)  giving:  Rj^j  (actual)  =  1.3  K 


This  additional  input  load  reduces  the  total  gain  of  the  second  Stage  by  a 

‘  •'r  of  . ^  " — ■  ■  ,  where  R  is  the  total  resistance  in  parallel  with  Ri„ 

R  +  Rjp  (transistor) 

(transistor).  Therefore,  G'pg  =  0.76  x  15,000  -  11,000 

Using  R|q  (actual)  as  the  load  of  and  the  parameters  for  Ig  ^0.4  MA  gives  a  first 
stage  gain;  Gpi  -  430 


and 


Rjg  (transistor)  -  9.7  K 


CombMng  this  with  the  biasing  network  (11.6  K)  gives; 


R|g  (actual)  =  5.3  K 
and 

G'pi  -  230 
The  total  power  gain  is: 

Gp  =  11,000  X  230  ^  2,5  X  10® 


M-3 


which  cdf  responds  to  a  loop  voltage  gain: 


Gy  vGp  ^  1600 


For  a  loop  voltage  gain  of  1^4  (corresponding  to  a  loop  power  gain  of  2),  the  voltage 
attenuation  of  the  feectoack  network  is: 

.  jJM  .  11,0 

1.4 

The  attenuation  ratio  of  the  crystal^^tiransistor  input  portion  of  the  network  is  fixed 
(Bijj  =  5.3  K,  Rj.  max“  200  K);  that  is: 

The  attenuation  required  of  the  feedback  resistive  divider  is  therefore: 

Ar  =  30 

r  39 

The  value  of  Aj,  used  was  noininaliy  26  (51  K  and  2  K). 


The  coil  tuning  capacitance  required  was  0.23  UF. 


AFPENDK  N 

3-KG  TWO-STAGE  TRANSISTOR  OSCILLATOR  (TUNED  OUTPUT) 

This  clfGuit  is  similar  to  the  oscillator  evaluated  in  Appendix  M.  The  sole 
difference  is  in  the  tuned  circuit  elements. 

At  this  frequency  the  inductor  had  a  Q  of  150  which  resulted  in  less  loading 
than  in  the  1  KC  design.  However^  since  the  loading  was  already  negligible  in  the 
latter  deslgn^this  had  no  effect  on  the  calculations.  The  value  of  tuning  capacitor  re¬ 
quired  was  0.026  UF. 

The  comments  made  concernii^  the  1  KC  oscillator  of  this  t;^  are  equally 
applicable  to  this  oscillator. 

3-KC  TWO-STAGE  TRAN^STOR  OSCILLATOR  (TUNED  OUTPUT) 
Oscillator  Design  and  Eyaluauoa  M 

Active  Element:  TTaoslstor  Manufacturer's  Type  No. :  M336 

crystal  Used  Resonant  Frequency  Resonance  Resistance 

T-9XY  2999.6  CPS  50  KUohms 

Description  of  Oscillator  Type 
Crystal:  Series 

Active  element  configuration:  Common  Emitter 
Feedback  transformer  configuration:  Resistive  Divider 


APPENDIX  O 

3-KC  Tim  ED  OUTPUT  TRANglSTOR  OSCILLATOR 


Object: 


The  ctrcuits  of  the  two^stage  oscillators  are  rather  Complex,  and  the  object 
of  this  design  was  to  simplify  the  oscillator  circidt. 

Design  Details: 

Calculation  showed  that  the  major  design  probiem  would  be  in  obtaining  suf^ 
ficlent  output  voltage  limiting  to  prevent  erysml  overdrive.  The  major  cause  of  this 
problem  was  the  lower  power  gain  of  the  single-stage  amplifier  compared  to  that  of 
the  two-stage  amplifier.  The  first  method  used  to  limit  the  output  voltage  swing  was 
to  bias  the  transistor  for  a  Vce  =  2V,  thereby  limiting  the  operating  voltage  range . 
This  alone  was  inadequate  for  a  value  of  Rp  -  20  K  (the  assumed  minimum  value), 
due  to  the  relatively  large  energy  storage  capability  of  the  ir  network  inductor,  and 
it  was  necessary  to  limit  the  positive  collector  voltage  swing  with  a  zener  diode 
connected  between  emitter  and  collector. 

To  prevent  undue  loading  of  the  oscillator  by  the  B+  feed  resistor,  this  rests- 
tor  was  connected  to  the  low  impedance  side  of  the  if  network.  The  effective  load  of 
this  resistor  appearing  in  parallel  with  the  oscillator  load  at  the  collector  of  the  tran¬ 
sistor  was  approximately  220  K,  due  to  the  impedance  transforming  action  of  the  ir 
network.  The  output  power  lost  in  this  resistor  is  therefore  less  than  10  percent. 


Conclusions: 


This  oscillator  has  good  operating  characteristics  as  shown  in  the  evaluation 
data,  the  major  disadvantage  being  its  tow  power  output  capability  of  0. 2  MW* 

3-KC  TUNED  OUTPUT  TRANSISTOR  OSCILLATOR 

Oscillator  Design  and  Eyalui  .tton  Sheet 

Active  Element;  Transistor  ManufactUi’er's  Type  No, :  2N336 

Crystal  Used  Resonant  Frequency  Resoiuince  Resistance 

T-9XY  2999.6  CPS  50  Kllohms 

Description  of  Oscillator  Type 
Crystal:  Series 

Active  element  configuration:  Common  Emitter 
FeecDmck  toansformer  configuration:  Pi  Network 


0-1 


Details  of  I^^ign  Calculations 

Using  the  notation  and  equations  of  the  Final  Report,  the  calculations  are  as 

follows: 

For  Ig  -  1  MA ,  Vee  ^  5V ,  the  parameters  of  the  2N336  are: 
hie  ”  ^  ohms 

hre  ^  1400  x  10’® 
hfe  -  10® 

hoe  ~  24  X  10^®  mhos 
which,  for  Rx  ^  1"^  K  gives: 

Gp  -  22,000 

Rip  -  3,8  K 


0-2 


The  total  Input  reslstanee  eorasists  of  3. 8  K  and  the  two  100  K  btasing  resistofs 
in  parallel;  that  is,  3.6  K.  The  biasing  network  rests tanoe  reduces  the  gain  to: 

Op  *  “  “,**P 

Rv  «.«V  =  200  K  and  R*  =  204  K 
r  m  ax  a 


and  therefore; 


or 


G’ 


3S0 


2 


R 


FB 


175 
G  D 

X  R^  =  3  MEGO 


Therefore,  the  transformation  ratio  is: 


fj, 


=  15 


The  voltage  transformation  ratio  is: 

/RfB 

Tv  -  4 


The  coil  to  be  used  had  L  ^  110  MH,  and  tl  -  13  phmS  at  3  KC,  giving: 

Xl  =  2100  ohms 

Ignoring  loading  (justified  below): 

Xt 

^  -  Tv  +  1  -  S 


(1) 


where  Xq  is  the  reactance  of  the  capacitance  in  the  impedance  transforming  leg  of  the 
IT  network.  Therefore: 

Xq  ^  420  ohms 


0-3 


CdMparlftg  with  Rg  In  paratlel  with  the  IS-K  resistor  supplying  B+  shows 
that  the  phase  error  will  be  less  than  2  degrees  and  loading  can  be  ignored.  Also  r*s, 
the  series  equivalent  of  the  load,  will  be  approxi*nately  14  ohnis. 

Xj^  . -  Xl=“  Xc  -  1700  ohms 
4, , .  ttB-i 

+  r'g 

^  I  <  1  degree 

Since  loading  effects  are  neglighsle^  Equation  (1)  is  Justified,  fherefore: 
e  ^  75^-  0.13  tJf 

The  value  of  the  tuning  capacitor  is  given  by; 

Ct  ^  ^  0.03111? 

^Leff 


Feedback  ^ase  Shift  for  Rj.  =  R].  nain 


It  is  shown  previously  that  for  -  200  K>  the  feedback  phase  shift  will 
be  less  than  3  degrees.  R  this  network  is  then  used  with  a  crystal  with  Bp  ~  20  K 
(lowest  Rj.  value  likely  to  occur),  this  phase  shift  may  increase.  Rg  and  the  13  K 

resistor  in  parallel  gives  a  total  secondary  load  of  8.5  K.  Using  the  parallel  to  series 
transforms,  C  and  Rg  in  parallel  transform  to ; 


^  21  ohms 
q2 


Xc'  =  X„  g  ~  Xc  -  420  ohms 

^  -  1  +  q2  ® 

Therefore  ^  Vq  ^ 


,1  ^c 


»  87 


^  I  -  tan' 


^eff 


tl  +  r' 


-  tan”!  50  >  go 


0-4 


Phase  error  =  ISO  =  I  ^  <^y_st  3  degrees 

Maximum  crystal  dissipation  will  occur  for  Rj,  ^  20  K  (the  assumed  minimum 
value),  and  the  permissible  output  voltage  is  determined  as  follows; 

For  a  maximum  crystal  dissipation  of  10  UW,  the  permissible  fee^ack  power 
Ppg  for  Rjn  =  3. 6  K  will  be  12  uWi  Therefore,  the  output  voltage  of  the  it  network 

must  not  exceed  a  value  of; 

V  X  Rg  min  ~  ®*3  3  VRMS 

and  Vq  max  =  V  x  Ty 
=  2. 2  VRMS 

The  load  presented  to  the  transistor  by  the  13  K  resistor  suppiying  when 
transformed  through  the  ir  network  IS: 

Tr  X  13,000  =  220  K 

Therefore,  for  R^  «  17  K>  Rl  is  required  to  be  19  K* 

A  value  of  20  K  was  used  for  Rg. 
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DGSIGN  EVALUATION  DATA,  S-KC  TUNED  OUTPUT  TRANSKTOR  OSCILLATOR 


APPENDK  P 

20-KC  fUNED-OUtPUT  TRANSISTOR  OSCILLATOR 

This  osGillatof  is  Similar  to  that  of  Appendix  0»  the  major  difference  being 
In  the  biasing  arrangement.  Because  of  the  Increased  feedback  efficiency  and  power 
dissipation  of  this  tjpe  of  crystal  (R^  ®  %  “0.1  MW),  the  output 

voltage  limiting  req.uirement8  are  less  stringent.  In  this  partlcidar  design,  Vqq  was 
4  volts,  and  no  additional  limiting  was  required. 

This  oscillator  could  also  have  been  designed  with  the  collector  biasing  re-^ 
slstor  In  the  low  impedance  side  of  the  w  network.  If  the  same  inductor  (34  MH) 
was  used  it  would  then  be  necessary  to  increase  Rj^  to  give  additional  gain.  The 

reason  for  this  is  that  the  departure  of  ^  Vq  from  90°  for  the  if  network  used  in  the 

present  design  would  be  further  increased  by  the  additional  loading .  t%is  is  undesir^ 
able,  and  the  only  means  of  reducing  this  phase  error  Is  by  decreasing  Xc;  that  is, 
increasing  T^ .  This,  In  turn,  reqidres  increased  gain.  Alternatively,  a  lower  value 
of  Inductance  could  be  used. 

20-KC  TUNEB-OUTPUT  TRANSISTOR  OSCILLATOR 

Oscillator  Design  and  Evaluation  Sheet 

Active  Element:  Transistor  Manufacturer's  Type  No. :  2N336 

Crystal  Used  Resonant  Erequency  Resonance  Resistance 

CR-50/U  20.403. 0  CPS  14,000  ohmS 

Description  of  Oscillator  Type 

Crystal:  Series 

Active  element  coitfiguration;  Grounded  Emitter 
Feedback  transformer  coidiguratlon:  PI  Network 
Details  of  Design  Calculations 

Using  the  notation  and  equations  of  the  Final  Report,  the  calculations  are  as 

follows: 

For  le  ^  I  MA.,  v^g  =  5V,  the  parameters  of  the  2N336  are; 


hie  “  ohms 

hj.e  =  1400  X  10‘^ 
hfe  ^  100 

hpe  =5  24  X  10~®  ohms 
which,  for  R.p  -  10  K  0veS: 

Gp  =  14,000 

Rln  "  "-4 

The  total  input  resistance  consists  of  4,4  K  and  the  two  blaslnig  resistors  in 
parallel;  that  is>  3,  l  K«  The  biasing  network  resistance  B|,  ^  10  K  reduices  the  gain 

to: 

Go  X  -  10,700 

P  Rb  +  Rin 


P-2 


103  K 


or 


Therefore: 


100  K  and  Rg  = 


G*p  -  Gp 


SJ  =  160 


»  320 


^FB 


2 


X  If  =  1^6  MEGO 


Therefore,  the  trahaformatloh  ratio  la: 
Rra 


The  voltage  transformation  ratio  is: 
Ty  3.9 


= 

^  Rg 


The  coil  to  be  used  had  L  ^  34  MH,  rj,  ^  4  Ohms  at  20*4  KC  giving: 

Xl  =  4350  ohms 
Ignoring  loading  justified  below): 

*  .  TV  *  1  •  4.9 


(1) 


where  Xq  is  the  reactance  of  the  caimcitance  in  the  impedance  transforming  leg  of  the 
w  network.  Therefore: 

Xc  -  890  ohms 

Comparing  Xc  with  Rg  shows  that  the  phase  error  will  be  less  than  1  d^ree 
and  loading  can  be  ignored.  Also,  r's  will  be  approximately  8  ohms. 

XLeff  =  Xl  »  Xc  ■  3460  ohms 
Xl 


^  I  ^  tan 


-1 


fL  +  r’l 


^  88  duress 


P-3 


Sitiee  loadii^  effecta  are  negligil)ie,  Equation  (1)  (s  jiistlfied.  Therefore: 

C  =  8800  IJtnF 

The  value  of  the  tuning  capaGltor  is  given  by: 

C*  =  =  2260  tJtJf 

feedback  Phase  for  %  =  % 

It  is  shown  previously  that  for  -  100  K,  the  feedback  phase  shift  will  be 
less  than  3  degrees. .  If  this  network  is  then  used  with  a  crystal  with  Rf  ^  10  K 
(lowest  Rj^  value  likely  to  occtw),  this  phase  shut  may  increase.  (Rg  =  13  KO 
Using  the  parallel-to^^serles  transforms,  C  and  Rg  in  parallel  transform  to: 

r'g  61  Ohms 

Xc  '  -  “  Xe 


Therefore  Vq  ”  degrees 
^ I  =  89  degrees 

Phase  error  =  5  degrees 

Maximum  crystal  dissipation  will  occur  for  Rj.  »  10  K  (the  assmned  minimum 
value),  and  the  permissible  output  voltage  iS  determined  as  follows: 

For  a  maximum  crystal  dissipation  of  100  UW,  the  permissible  feedback 
power  Ffb  fur  Rin  ^  3. 1  K  will  be  130  UW.  Therefore,  the  output  voltage  of  the  ir 
network  must  not  exceed  a  value  of: 

V  ^^Pfb  Rs  min  ^  1.3VRMS 
^0  max  ”  V  X  Ty 


^  5.1VRMS 
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